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The final part is concerned with the actual measurement of errors on a modern CNC

machining center. Thermal influences on the errors is the main objective of the exper-
mental work. Based on experimental evidence, it is shown that thermal effects on the
accuracy of machine tools can be predicted by the use of simple regression equations.
Finally, numerical methods are used to predict thermal influences on the errors of
machine tools. These methods make use of measured values of temperatures for pre-
diction of errors.

Based on the evidence presented in this report it is shown conclusively thatlfhermal
influences on the errors of machine tools are predictable. Techniques for determining
thermal effects on machine tools at a design stage are also presented.
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ABSTRACT

Thermal effects on the accuracy of numerically controlled machine

tools are specially Important In the context of unmanned manufacture or

under conditions of precision metal cutting. Removal of the operator "-

from the direct control of the metal cutting process has created problems

In terms of maintaining accuracy. The objective of this research Is to

study thermal effects on the accuracy of numerically controlled machine . '.*-

tools.

The initial part of the research report Is concerned with the analysis

of a hypothetical machine. The thermal characteristics of this machine . "

are studied. Numerical methods for evaluating the errors exhibited by A..

the sldes of the machIne are proposed and the possibility of predicting 0

thermally induced errors by the use of regression equations Is investigated.

A method for computing the workspace error Is also presented.

Machine tools are generally made of box type structures. Based on

analysis of box type structures, theoretical evidence for the prediction of

machine tool errors Is presented. The problem of heat flow In a box made

of thin plates Is studied and analytic solutions are derived. 0. .

The final part Is concerned with the actual measurement of errors on

a modern CNC machining center. Thermal Influences on the errors Is the -

main objective of the experimental work. Based on experimental

evidence, It Is shown that thermal effects on the accuracy of machine tools . ..

can be predicted by the use of simple regression equations. Finally, .

numerical methods are used to predict thermal influences on the errors of

......................... :
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machine tools. These methods make use of measured values of

temperatures for prediction of errors.

Based on the evidence presented In this report, it Is shown

conclusively that thermal influences on the errors of machine tools are

predictable. Techniques for determining thermal effects on machine tools

at a design stage are also presented.

%,%
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CHAPTER 1. INTRODUCTION

1.1 General

Precision engineering is concerned with the -

manufacture of artifacts to a high dimensional accuracy.

Accuracy is defined as " A measure of the degree of

conformance to recognized international or national

standards" [41]. Broadly speaking, in terms of accuracy,

machining can be split into three classes, normal,

precision and ultra precision machining. Chronologically

tolerances dealing with location were to tenths of a

millimeter, then to hundreds of a millimeter. During

World War 2, tolerances began to be expressed in micro

meters. In the post war period, tolerances of fractions

of a micro meter are common place. Figure 1.1 shows the

development of achievable accuracy over the last 40

years and highlights what can be confidently expected by

the end of the century [42].

The stringent requirements of precision engineering •

set grounds for development of better machines and

manufacturing processes. Unfortunately high accuracy

manufacture is coupled with high costs. Hence it is.,

'-.--'...........

...................... , ]
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r 3

beneficial to search for new ways in which working

tolerances can be maintained when machining at high

production rates. Several methods of measurement,

production and control have emerged over the last decade

to meet the above mentioned goals. A significant event

in the last decade is the merging of electronic %

information sciences and production control techniques

with metrology and manufacturing process into a single

integrated systet. 125]. The advent of computers and

sensors have in a sense allowed for the possibility of

unmanned manufacture. While such a goal is desirable,

it leaves much to be said in terms of maintaining

accuracy. The intention of this research is to fill a

gap between ultra precision engineering which is

mastered, for example at Lawrence Livermore Laboratory,

and conventional economic production technology

practiced in the U.S. industry [46].

1.2 Problem Statement and Objectives

Accuracy of large machine tool structures is

affected considerably by their dimensional stability

under conditions of temperature and variable load

distribution. Initial geometric accuracy of any machine "" -

is limited by the precision of the control equipment *

used during the different stages of the manufacturing

process of the said machine. Deviations from accurate . --

%

performance, are called as errors. Formally errors are

* 0

.. °,.-....... ,.. . ...........................................-...-...-...-.. --.-............. "."-...... .: " --'. ii-:i'-'-->'.'': :"i:." i'
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defined as " The difference between the actual response

of a machine to a command issued according to the

accepted protocol of that machine's operation and the r--

response to that command anticipated by that protocol" Aw

[411. Inaccuracy of a workpiece can be attributed to . r

several factors. These factors are listed as follows

[411:

I. Geometric and kinematic errors of the machine

tool.

2. Spindle errors of the machine tool.

3. Thermal effects on the machine tool and on the

workpiece.

4. Static loading.

5. Dynamic loading.

6. Tool wear.

7. Errors due to work holding.

This thesis concentrates on thermal effects on the

accuracy of numerically controlled machine tools. The

reason for concentrating on thermal effects alone is

because it is known that thermal effects account for _0

about 60 - 70 percent of the total error in machine

tools. In this context errors of interest are generally

referred to as "quasistatic" machine tool errors. •

Quasistatic errors are those errors of relative position

between tool and workpiece that are slowly varying in

time and are related to the structure of the machine 0 =

, . % - .4|

0 0
"-5"-5'".:...'.

_ , - . -_' -j _ ,_ ' '. _ _ r_ ' . - -' - . . ...2 -. K . .~- . .. . . .... .. . .. .. .~
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Z

tool itself. Quasistatic errors are generally r

classified as follows: those due to geometry and

kinematics of the machine, those due to static and

slowly varying forces such as the dead weight of the ,.

machine, workpiece weights and the like, and those due

to thermally induced strains in the machine tool .-.

structure [41].

Improvement in accuracy of machine tools is

achieved by two means, one approach is error avoidance.

Error avoidance calls for elimination of the source of

the error. This is mainly a design problem. Although _,o0.

much effort has been spent, error avoidance is by no

means completely solved [25). Typical methods of

evaluating the effect of various types of influences on 0

machine tool structures are finite difference methods

and finite element methods. The second approach to

error reduction is error compensation. Error

Eompensation is defined in [411 as "A method of

canceling the effect of the error by predicting it using

a model built for the purpose". Software compensation S ]

is rapidly being accepted as a means of maintaining

workpiece accuracy. Software compensation of errors, is

generally achieved by storing error values in computer 0 0

memory. The process of compensation is generally carried

out by automatic correction of positioning commands or

position feedback. The problem associated with this

- .... . . . . . . . . . . . . . .

-'5 ° ..•-•-- - - - - -|
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approach is that it is not possible to hold infinite

sets of error matrices in computer memory. It is due to

this limitation there is need for the development of

.4
working models of the process whereby a source gives

rise to an error.

In spite of the fact that much research has been

done in the field of thermal analysis there are no

simple expressions relating the effect of temperature on

geometric and kinematic errors. In fact much confusion

exists even on classification and measurement schemes

p for these errors [41] and it appears that much of the

work done in the field of thermal effects on machine

tools is highly repetitive. Representation and

i correction of errors has been cazried out [13,30,23J. O

However, the methods used generally store errors in the

form of a matrix (look up table) and those that attempt

on line compensation, correct a single error (eg.

spindle growth [231). Hence it is felt that a detailed

analysis of thermal effects on machine tool structures

is required. The present study will attempt to provide O O

cause and effect relationships for each of the

quasistatic errors exhibited by the slides of a machine >1:1
tool. While the study will concentrate on a single

machine, sufficient generality will be provided so that

the methods of analysis and experimental verification .-. l
can be applied to any machine tool (of the same class at

.................... . ..... . .. . . ....-.-.-... . . .. . . .
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least). The machine under consideration has 3 linear

axes of motion and a rotary axis, Figure 1.2. The axis

I*. *2 A//-
of motion are in the x, y and z directions. The %

directions are as shown in the Figure 1.2. For the rest

of the thesis, part of the structure that supports

motion in the x direction is referred to x axis,

similarly for y axis and z axis. Attention will be

focussed mainly on the linear axes. In all 18 error

terms will be studied six for each axis. The idea is to

see if these errors can be modeled by simple equations.

The equations so derived will form the basis for

correction of thermally induced errors by the use of

sensors, located at a few strategic points.

The main objective of this thesis is to determine 0

if thermal effects on the quasistatic errors of machine

tools can be predicted by monitoring the temperature of

a few points on the machine tool. This objective is

primary and is essential f or software correction of

numerically controlled machine tools. Associated with

this objective are problems of representation and

prediction of error as a function of temperature and

space variables. The other objective is to use numerical

methods for the evaluation of thermal effects on machine

tools at a design stage.

The thesis is broadly split into three parts.

Chapter I provides a general introduction to the whole .

_*0 0
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L9
area and current status of research is discussed. In "

Chapters 2 and 3 known numerical methods for evaluation O

of thermal effects on machine tool structures are

discussed. Results as evaluated for a hypothetical

structure are presented and work space err r evaluation

techniques are derived. Also it is shown in Chapter 3

that errors of machine tools can be predicted by the use

of simple regression equations. Chapter 4 addresses

analytic questions and it is shown here that the use of

regression equations is valid for prediction of errors.

Chapter 4 also shows analytic solutions of thermal

profiles and displacements for simple cases of cubes
"" ~made of thin plates. However the solutions obtained are "/" - -- "-

very restrictive. Chapter 5 is concerned with

experimental evaluation of machine tool errors. In

Chapter 5, it is conclusively shown that thermal

influences on machine tool structures can be predicted - -

by use of simple equations. Experimentally measured -.

errors are presented in the appendices.

1.3 Literature Review

The following section describes the various errors
of a machine tool. Thermal effects on error terms will
be discussed, and status of current research in these

topics will be presented in the next section.

.. . -...........- 

'
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1.3.1 Quasistatic Errors of a Machine Tool % %

All machine tools are composed of moving carriages, , 4

tables or other elements whose purpose is to position

the workplece with respect to the tool for metal

removal. It is customary (as far as possible) to design

each positioning element such that it behaves as a rigid --.

body with five of its six degrees of freedom eliminated,

then to drive the element in the remaining direction and

measure its motion in that direction as accurately as

necessary for that application. Normally the desired

motion is pure linear or rotary. Exceptions to this

practice are few [41). A typical linear carriage is

shown in Figure 1.3. The following assumptions are

made:

1. It is designed for linear motion.

2. It is a rigid body.

3. Has a device for measuring position.

On such a carriage, one can measure at least six error

terms. Three of these are translational (linear) and

three are rotational. The rotational terms are

generally called pitch, roll and yaw. These are defined

with respect to the direction of motion. Linear errors

are more difficult to define, the reason being due to

presence of angular motion. Of the linear errors, it is

customary to measure one error as the difference between

the actual carriage position in the motion direction and 0

,6'
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the scale reading and two errors of motion along machine

axes perpendicular to this direction. The first error

is called a "positioning error", and the other two as

"straightness of motion" [41). It is desired to measure

positioning errors as close to the scale as is feasible

to reduce Abbe offset errors. The Abbe principle is %

defined as " The displacement measuring system should '

be in line with the functional point whose displacement

is to be measured. If this is not possible either the

slideways that transfer the displacement must be free of-.-.

angular motion or angular motion data must be used to -

calculate the consequence of the offset " [32]. Besides

translational and angular errors, errors of non-

orthogonality present themselves. These are shown in

Figure 1.4. Non-orthogonality errors are generally ..-

defined as squareness errors*

Having described errors of interest, it is

desirable to present statistical issues for the

specification of measured errors. Much effort has been

spent towards this end [11,12,411. Two of the more 0

important documents that specify the positioning

accuracy of machine tools are published by VDI in

Germany and NMTBA in America [12]. NMTBA defines spread S

of machine tool error as the standard deviation of the

error in reaching a particular point.

o-- .° '

. . ..~ ~ ~ ~ ~ ~ ~ ~ .. .. .. .. .. . .. .. .. .. . .*. ..

.'-''.'; .'. .'.,*--".". * .".-" .. -.
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%
VDI defines spread as follows [11]

L 
R

0i  " RI /d ( 1. 1)' '"" -e -. 1
i i . ': .a Ia

where - .

Ri W range of sample

d - correction factor

Correction factors are provided in tabular form by the
J a -

VDI [121. All the papers [11,12,37,40] identify two -

groups of errors: a) Systematic errors and b) -

Statistical errors. Systematic errors are those that

are reproducible while statistical errors are those that

are not. In [401, the effect of hysteresis is also

shown. The concept of an error template is proposed in

[40,37]. The error template defines the acceptable

range for an error graph. .

The problem discussed in [17,18,33,40] deals with

evaluation of the combined error in the work space of a AD

given machine. In [331, the analysis is based on vector

diagrams. Every machine can be described by vector

diagrams. A typical diagram is shown in Figure 1.5. -

Using vectors to represent each axis, it is shown that

the error vector will be of the form

IEAZ IEAX JEAZI
Z + EZ + /EBZ (X+EX) + EB EZ (W+EW)

I ECZ IECXI ECZ
I~~EAYJ '''"

Y + EY + EBY IT (1.2)

I ECY

where A, B, C are rotational axes, EAZ is the rotation

............................

.- a-,... . . .. .
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of Z axis along A etc. The workpiece error is N

represented by EW. In equation (1.2), the terms X, Y, Z 0

are vectors along the x, y and z directions.

In [26], an analytical method to evaluate the

- workpiece errors is presented. This study is based on

the use of mathematical properties of infinitely small :.

linear transformations. To determine lathe accuracy,

dimensional chain analysis is used. A coordinate system

is assigned to every link of the chain which describes

the motion of the element with respect to the previous

.o link. Using these transformations, errors are combined. .

The final error term is defined by the following

relationship:

i-k

6 (E r +6 + Z A A A CE r +6 )(1.3)
rO 0 0 0) 01 12" -1'i i i

i -0

where

Ei Xf 0 -a i  .-.. '.:.
0 0 "

Ei 0

6 .(1 .4)

6 is the matrix of displacements, r~ is the vector of

tool point in the I th coordinate system, A is

transformation between the i-I th and the I th system,

. . . .... ,. ..

,. .. . . . . . . . . . . . . . .
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a, Xi and are angular errors. In [17], a

comparative analysis of machining error components is

done. The authors list out machine error components as

belonging to one of the following two classes: a) errors .- ..-

of the NC system and b) errors of the MFTW system.

(MTFW Machine tool, fixture, tool, workpiece). These

errors are combined to give the overall effective error.

A similar analysis is done by Donaldson in [41]. He

proposes a system of error budget. This concept deals

with the determination of the complete set of error

sources in a machine tool, finding the resultant

displacement error, dividing them into directions,

combining errors in the same direction and finding the

final workpiece error in each direction using the

resultant displacement error and the workpiece geometry.
.',._

A major effort has been launched at NBS [131 to

explain the problem of three dimensional metrology.

Three different techniques are used for understanding

machine behavior. These are: a) rigid body kinematics

b) temporal modeling and production sampling and c)

techniques of multiple redundancy. Rigid body

kinematics calls for choosing minimum number of ideal

reference frames (coordinate systems) necessary to

characterize a machine. Matrix transformations are used

to relate coordinates in these chosen frames. Three

coordinate systems are chosen: the space system, table _

. . . . . .. . . . . . . . . . . . . . . . . .,.. . . . . .
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system and the object system. Using error

transformations, relations are obtained for expressing S

errors in the object system. Temporal modeling deals

with use of statistical means to eliminate drift and

temporal variations in measured values. The technique

calls for using a single point as a gauge point and k .

other points as check points. Using the gauge point as

one which is employed in every measured cycle, drift is

determined. The drift so obtained is used to correct

all other check points. Multiple redundancy method is

used to eliminate non-orthogonality and scale errors in

measurement. The result of this effort is that the

general error term is a function of machine position,

and of such variables as loading and temperature. This

is confirmed with experimental work carried out at NBS.

They also propose methods for computer compensation of -. -. -

errors by storing the actual error values in matrix

form. The study, however, has been carried out on a

measuring machine. Measuring machines as compared with

NC machine tools work in a better environment and are

generally not subject to forces experienced by machine

tools. This will be a fundamental difference between

the present research effort and the one carried out at * o]

N B S.

In [18], an analysis of the displacement, planar

and volumetric errors of multi-axis machines is 9

-, ., .-.. '

~ - = - -.-..-- ; .-:.>j; ;,-
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presented. The combined effects of all errors In the

measuring system and errors in geometric features such

'... '

as linearity of motions and orthogonality o f axes o f

1 9 ,'~~ .'. " ". -

motion is considered. Using measured values of errors,

the authors show that it is possible to evaluate

volumetric error in the work space of a machine tool.

1.3.2 Thermal Effects

Thermally induced errors in machine tools compare

in size and type to those resulting from tool wear and

mechanical deformations [8,20,41]. Awareness of thermal

effects as an error source requiring attention in the

basic design of machine tools is typically increased

j each time that the human operator is removed from the

direct control of the process.

Thermal effects in manufacturing and metrology can

be categorized as in Figure 1.6 [41]. Speaking broadly, -

thermally induced errors are caused by three types of

sources: temperature of te environment, external heat.

sources and internal heat sources. External heat-

sources are p un p s motors, cutting forces and chips

produced during machining operation. Internal heat

sources are bearings, gears, clutches, slideways and 0 "

hydraulic oil. Heat dissipation from these sources into

the structure and workpiece result in thermal gradients

with consequent structural and workpiece deformations.

-. .. . . . . . . . .. -. . -. .. j... .... ... 7. . .*- * ,- .. "° -. ". *. ." * * .-

. . . . . . . . . . . . . . . . . . . . . . .
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Generated heat also influences the measuring system of

the machine, hence contributing to positioning error.

The theoretical basis for the evaluation of the

deformation behavior of solids due to thermal loads is

generally known [7,10,22,36j, but, mathematical "

difficulties i n treating the problem of thermo-

elasticity are considerable. Hence only a few rigorousI
solutions have been obtained [7,22 . Due to such

complications, numerical techniques are generally used.

Several studies have been carried out in the area
.

of thermal deformations [16,19,20,21,23,27,28,29,311.

In these studies, the finite element technique is

generally used to evaluate deformation characteristics

of machine tools. Then experimental data is used to

evaluate the accuracy of predictions by numerical

methods. However it should be noted that due to

inadequacy of information on heat sources and transfer -

of heat at joints, computations to determine thermal

deformation behavior of machine tools provide no more .

than trend predictions.

Spur and De Haas study the effect of temperature on

machine tools [34]. The machine used in [34] is driven

by a lead screw, and is of the open loop system type. -

The study done consists of experimental findings. The

authors propose methods for improving the thermal " '"

"" 0
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stability of machine tool structures. The methods .

proposed include insulating the measurement system,

which reduced the original error by 90 percent. Cooling

of the machine tool is also experimented with. Heat is

removed by splashing oil on the inner surfaces of the .

machine tool. This along with cooling of clutches by

splashing oil causes substantial reductions in the . -

deformation behavior. One of the experiments is

concerned with transfer of heat by hot chips.

Experimental work proved that heat transfer is not

affected by the temperature of chips, their form, or by

the manner of pouring (all at once or continuously).

The authors propose two methods for reducing the

influence of heat input from chips. a) Removal of chips

(but this would call for auxiliary energy) and b)

Insulation of the machine tool. Insulation of the

machine tool by a cool layer of chips shows a reduction

in heat transfer rate with increase in thickness of the

layer of cool chips.

A recent study done in Japan [28] shows innovative-_

methods for improving the accuracy of machining centers

by software correction. Geometric error is measured in

advance by using a standard master part fixed on the q P

table. Relative displacement between workpiece and

spindle caused by thermal deformations is evaluated by a -','. "

simple finite element model of the machine. The finite 

".- S ;;y

'.'.t.I-.--f" -
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element model is programmed on a dedicated minicomputer

and uses on line temperature measurements. NC command a

pulses are modified by the computer to account for the

geometric error and deformation of the machine. Errors

in three dimensions cannot be measured accurately, hence

they are measured in a single plane. Once these planar

errors are measured, equations of the following form are

fitted to measured data.

2 2
6x= clx + c2y + c3x + c4xy + c5y

2 2
6y = c6x + c7y + c8x + c9xy + clOy (1.5)

The coefficients cl .. cO are evaluated by the use of 0

least square estimators. A method of evaluating

deformations due to thermal effects by finite element

method is also formulated. An equation of the following - -

form was used for the on line evaluation of thermal -

deformations:

i jk(.6
(6x) = f M 1(f) +[ N )(0) (1.6)

where

(6x) = displacement vector 0

(f) =force vector

(0) = temperature at heat source.

[O [M) - inverse of force stiffness vector, [K] I.

[N] = [ K ] [ F I

IF] - Force conversion Matrix

In equation (1.6), i denotes the node at which

. .• %* .- 7-%

• : : .. ..... .. +.. .... :. *. : .,... ..+.+ . .. : .. ,.+: & K i .X 1< C.. ...: -. : .. .
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displacement is required, for nodal force at j and heat

at k, and [K] is the stiffness matrix. It is shown by

*' -,.° .. ,. J.* -

experimental methods that the technique causes a

reduction in error. In [27), a machine tool structural

9 4

analysis program has been developed. The program is

capable of analyzing the static, thermal and dynamic

behavior of machine tool structures. Data input is

designed so that analysis can be carried out by 4

*~ providing structural information as a combination of

" Iplate elements, modules and units. The program

evaluates static, dynamic and thermal rigidity of a ,.-

g iven structure.

In [23], displacement of the spindle is correlated

to temperature of a single point on the spindle head.

The correlation is linear and the analysis shows that

the response of loss in accuracy due to heat generation

rate follows a first order time lag. However there is77 7

no time lag between temperature raise and displacements.

It should be mentioned that this is one of the few -

efforts to correlate thermal displacements to

temperature of a specific point on the machine tool

structure. The report also provides interesting

°*

information on software compensation of thermally

induced error.

In [16,29,38e, principles and examples of

calculation of thermal deformations by finite element

. . . ... .

................

eff rts to cor el te he mal dls la eme ts to ---...-
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technique are provided. The calculation sequence is

divided into two complexes, calculation of temperature

distribution and calculation of thermally caused

deformations. These two calculations are independent of

each other except that calculation of the thermal

problem must precede calculation of the deformation .- '

problem [38]. A variational principle for evaluation of

the temperature distribution is presented in (381.

,e e -1e e.C(e') = [ He  -l(Qe) (1.7) .. )..

where

e0

- temperature distribution -'

e
H ] - temperature stiffness matrix

e
(Q ) = matrix of heat input or heat loss.

Similarly equations are derived for deformation of a bar

(ue) = [ Ke ] (IIFe)+(Fe) (1.8)

where

Cue) = deformation

e[ K ] , stiffness matrix 0

e
(F ) = matrix of external forces.

e
(F ) - matrix of thermal forces.

The analysis is based on one dimensional conditions,

however it can be extended to multi-dimensional cases.

Calculation of thermal deformations and measured values ,.,-

0 of temperature are plotted against duration of heat "

.. :-'-:'
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generation. The authors point out that in spite of

satisfactory correlation between measurement and

calculation, the use of calculation sequences to

determine thermally induced errors is suspect. The ...-. "

reason for this suspicion is due to lack of information

on thermal and mechanical boundary conditions.

In [291, a method for calculating the deformation

of structures due to thermal loads is presented. The .

development here is two dimensional. The machine is

modeled as a thin walled structure, and results of the

analysis are compared with experimental work. The other

interesting aspect of the paper is the development of a

method for evaluating the intensity of heat sources.

The method is one of matrix partitioning. It calls for

partitioning the thermal relation matrix into two parts,

nodes that are connected with heat sources and nodes

that are not. The authors also propose methods for

evaluating both the intensity of heat sources as well as

the temperature of nodes not associated with heat

sources, based on measured values of temperatures of 0

nodes connected with heat sources.

Attempts towards clarification of methods used for .

curbing thermal deformation as well as methods used for

control of thermal deformation of machine tools are

presented in [16,28). In [16], computer methods are

used to evaluate the effect of column and guide

,!: I. . . .

,-- ".." .' -'..- .



27 *

structures, cooling units and types of spindle bearings

on the thermal behavior of a machine tool. The study

restricts itself to horizontal type machining centers.

Three types of structures are considered, single column,

partially symmetric double column, and a fully symmetric

double column. All models have about the same height

and about the same stroke. Spindle bearings and

hydraulic pumps are taken to be the two main generators

of heat. Design parameters considered are type of .'-

guide: sliding guide (whole surface Is in contact) and

roller guide (contact is restricted to a small portion

of the guide-way). Three types of cooling devices are

considered: no cooling, fan cooler and refrigeration

cooler. Finite element analysis of the three different

structures Is carried out and the differences In

performances noted. Use of a refrigerating cooler has . -

dramatic effects on the deflection pattern. Under ideal

conditions (cooling capacity of cooler is equal to heat

generating rate of the machine) a small temperature

elevation is noted. This type of refrigeration is not

sufficient for control of thermal influences, hence the

authors recommend use of an excess capacity refrigerator

to maintain the temperature of the circulating oil to

within 1 degree Celsius.

* . -o. o

Attempts to control thermal deformations are - -

discussed In [28, 29]. In both papers, methods are

________________-___________ :-i-.-il -
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identified for control of thermal deformation through

the use of heaters. The problem is modeled as a time -

optimization one. The general approach is to use

heaters to heat up the structure to steady state 1.4%. '

temperatures and maintain these temperatures over time. 4 4

Experimental results are compared to theoretical

solutions. In this context, the efforts of J.B. Bryan -"

at Lawrence Livermore Labs [411 should be mentioned. -

Thermal stability is achieved by immersing the whole

machine in a bath of oil. It appears that a brute force

approach as in [41] will succeed. .

R.L. Murthy has analyzed the thermal deformation of

a semi-automatic chucking machine [21]. Heat sources
*

considered are: power pack, motor, pump, relief valve,

and friction in bearings. He evaluates the temperature

along the spindle shaft as:

4 x 4 x
T = 12e + 52e (1.9)

where T is the temperature and x is the distance from -

rear bearing. Using a one dimensional thermal diffusion

equation, thermal shift of the spindle is calculated.

Attempts to correct the error induced due to

thermal expansion of the tool are discussed in [35,30]. .

Both methods rely on the assumption that thermal

expansion of a tool can be expressed as function of heat

generation rate and time. Software correction indicates 0

.. -..... :.-::-
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that errors can be reduced from 80 micrometers to 15

micrometers. 0

This last section is devoted to current research in

thermal contact resistance as applied to machine tool

structures. In the past few years much work has been
done in this field typically by M.H. Attia and L.Kops

field typically,

11,2,3,4,5,6). Analysis of the process of heat transfer

across joints in machine tool structures reveals their

non-linear thermoelastic behavior. Nonlinear behavior

is exhibited due to two causes: a) material nonlinearity

due to the fact that surface asperities take a nonlinear

load dependent form, b) nonlinearity resulting from the

thermoelastic behavior of contacting elements, which

experience a closed loop interaction between the thermal

field and thermal deformation of structural elements in

contact. This interaction causes changes in contact

pressure and the change is reflected in redistribution

of thermal resistance. Hence thermal contact resistance

is to be defined as a distribution, not a single value

[6). In their work Attia and Kops include the time

dependent behavior of a joint in the analysis of machine -

tool structures. This theory is a departure from

existing methods in which thermal contact resistance is S

measured as a single average value, not representing

realistically the conditions of heat transfer across

machine tool joints. In [61, the theory is verified by

kid' .-.

. ...-... -
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photoelastic models. Using the developed theory,

deformation of structures is studied in [2]. The 0

difference between results obtained from a model with

thermoelastic interactions and a model without

thermoelastic interactions is presented in [21. The

analysis however is restricted to two-dimensional cases.

The formula for equivalent thermal conductivity is given

as follows:

Al a H n-inf(

c a ktane( p) k n ~ -

2f-- * cos(nnt)d- *p

0 Pav c - pci

In Equation (1.10), the terms are defined as follows

a - crossectional area of contact element.

A = nominal interface area

b - length of contact

H - hardness
B

k - thermal conductivity. ...

k a equivalent thermal cond. of contact
c

element.

1 - length of contact element

N - number of contact elements along joint.

p local contact pressure.

Pav - average contact presure.

y/b dimensionless variable.

a- standard deviation of contacting surface.

°- . * .- 5.
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° - °,ar . W,

tanG = mean abs. slope of surface irregularities.

The second term may be neglected without causing much

error. This leads to the following simplification '.
-'. ~ ~~~~: ...._> ....

A

k= 1 * ktan I
c HB P(•

For the same problem, the authors show the equivalent

modulus of elasticity to be E -c

I 1-m
E (I .p (112)c CI a JPc

In equation (1.12), C and m are constants. Using the

above formulas, the thermal problem and elasticity

problem are solved. The solutions are compared and

significant differences are shown. One drawback appears

to be that the solutions of the thermal and elastic

equations for machine tool structures are not compared

with experimental results.

Although much work has been done in the area of

thermal effects on accuracy of machine tools, it has not

yet been established that thermally induced errors can

0b e predicted by monitoring the temperature of a few

points on the machine tool structure. This problem and

associated issues will be discussed in the next few .

chapters of the thesis.

. .-"-" .
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CHAPTER 2, TEMPERATURE AND ELASTIC DEFORMATION

CALCULATIONS

2.1 General -

Analysis of thermal behaviour is possible by two

methods, numerical and experimental. Chapter 2 is

concerned with the usage of known numerical methods for

the evaluation of thermally induced deformations. The

structure chosen is a hypothetical one. It resembles

the one shown in Figure 1.2. Details of the structure

are shown in Appendix 1, Figures A1.1, AI.2 and AI.3.

For the purpose of calculations, the z axis (part of the

structure that supports motion in the z direction) of

the machine is considered independent of the x and y

axes. The reason for doing this is because the z axis

is not an integral part of the machine. The x and y

axes are modeled together. The analysis is three

dimensional. The reason for resorting to three

dimensional analysis is because heat sources are not ' -

located symmetrically on the machine. Location of heat

sources is shown in Appendix 1, Figure AI.4. .

.. . . . . . .. . . . . . . . . .-.-.. ~ . . . . .-.
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Calculation of thermal behavior of a structure can

be divided into two complexes: calculation of the , .

temperature distribution and calculation of thermally

caused deformation. These two complexes are independent

of each other, except that the temperature calculation

must precede the deformation calculation [38]. The ., ;

mathematical relationship is formulated in equations of

heat transfer and elasticity. The precise analytical

solution of these differential equations in technical

applications is usually impossible, because of

complicated boundary conditions and complex shapes. So

approximations have to be used. The approximations used

are finite difference equations for the heat transfer

problem and the finite eleme-t technique for the elastic

deformation problem. For the purpose of calculations,

the structure is assumed to be made of an isotropic

homogeneous material.

2.2 Heat Transfer Problem

The heat transfer equation to be solved is as

follows [15]

2 2 2 2 2 2
6 T/bx + 6 T/by + 6 T/bz + Q/K = (2.1)

(pc /K) * 6T/bt 0
p

Equation (2.1) governs the conduction of heat in a

solid. Solution of Equation (2.1) is carried out by .

subdividing the calculation domain into a number of

. .. °
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smaller subdomains or elements and evaluating the value

of the dependent variable within each element. In this

manner the continuum calculation domain is discretized.
).* -d •-. -

It is this systematic discretization of space and

dependent variables that makes it possible to replace •

the governing differential equations with simple

algebraic equations, which can be solved with relative

ease. Solution of Equation (2.1) is desired over time S S

to define the thermal profile of the machine tool.

Since time is a one-way coordinate, the solution is

obtained by marching in time from a given initial

distribution of temperature. The task is: Given a set

of temperatures at time t(i) it is desired to obtain the

value of temperatures at time t(i+1) and so on.

Discretization of the heat transfer Equation (2.1) can . i

lead to several forms of equations:

I . The Implicit form

2. The Explicit form

3. The Crank-Nicolson form

The implicit form is used in this thesis because of

limitations on time step size in the explicit form and

of possible errors in the assumption of linear variation

of temperature over the time step in the Crank Nicolson - ]

solution [24].

Applying the princip e of discretization to

Equation (2.1), it can be represented as follows [24]: -

- - - .::.~.K,-.-- ..- . . -. -.

-- "-' ..__ '-
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a T -a T + a T +a T + a T + a T + a T + B (2.2)
p p e e w w n n s s t t b b

Where each of the terms is defined as follows.

a . K Ay Az/6x (2.3)
e e e

a = K Ay Az / bx

a "K Az Ax/oy
n n n

a ' K Az Ax/ by

a - K Ax Ay/bzt t t .. _
at K Ax Ay/az
b b b

0
a pc Ax Ay Az/A(t)

P p
0 0B = Q Ax Ay Az + a T

p . 0
a a +a +a +a +a + a + a - QAx Ay Az
p e w n s t b p

Referring to Figure 2.1, the meaning of this discretized

equation is readily clear. The Equation (2.2) defines

the value of temperature at any point in a

discretization grid as the linear sum of the

temperatures of it's neighboring points. Calculation of

steady state condition is possible by setting A(t)

in Equation (2.3). Solution of the above discretized ' ""

equation is obtained by an iterative method, for large

problems. Sparseness of matrix and lack of tr-diagonal

matrix structure prevent easy matrix inversion, hence

iterative methods have to be used. Here the

overrelaxation scheme is used and convergence of

solution is checked for, at each iteration.

....................
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2.3 Boundary Conditions

* *l

Evaluation of boundary conditions is the most

difficult task in the determination of temperature

profile of any machine. While a wide variety of

boundary conditions are available for modeling of heat

transfer from structures, dynamic conditions present on K....

the surface prevent exact modeling. Inclusion of

boundary conditions in the numerical solution do not ,--

present any great difficulty. Three types of boundary

conditions are used for analysis:

1. Natural boundary condition (Heat transfer to .

atmosphere) -,r .

2. Heat transfer in closed cavities.

3. Insulated boundary conditions.

Natural boundary conditions are used for the

surface of the structure. The form of the boundary

condition is as follows [15]

q = h(T -Tb) (2.4)
b f b

This boundary condition is incorporated into the heat

diffusion equation as follows [24]

a T a T + b (2.5)
b b i i

where

K1
a1  - ___ (2.6)

b hT (2.7) S 0
f

..............................

='. °.-. .,'....- .".,.: ' .i. -" G -' - .'.-.'.'- . '- . ... . -". ." ..- ," ." - - . . . " , ,-, , . " . . ,' ," " .," ,
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The term a is written out as [241:

ab a + h (2.8) ".Ts l

Inclusion of insulated boundary conditions (on the base

of the machine) is easily achieved by setting h to zero.

Boundary conditions within closed cavities are more

difficult to handle, because it is impossible to make

any realistic estimate of temperature distribution

within a cavity. Hence for the problem on hand,

internal cavity temperature is assumed to be the average

of the inner wall temperatures. The cavity temperature

is calculated from time step to time step. Also, exact

evaluation of heat transfer coefficient within a cavity

is not possible. It is expected that with rotating

parts, some form of turbulent convection will be taking

place.,. . -.

2.4 Evaluation of Heat Transfer Coefficient

Heat transfer coefficients are evaluated for each ..-

of the plates (horizontal and vertical) on the machine -

using the following relationships. For vertical plates,

it is known that [15]:

3go(Tb-Tf)L 3

R b f ) (2.9) e
la U

In Equation (2.9), the terms are as follows:

a thermal diffusivity -

u - kinematic viscosity

.... ,, .. ...

St. .2.~-. ~ * -. I °.-* . -.
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The Nusselt number NU is evaluated as [15]: -

2

O.387R 1/6

NU, = 10.8251 l~
1 1 ~1+0.492IPr961/7_ __

h = NU1 K/L (2.10)

For Horizontal Plates [15:

L -A /P (2.11)
5

1/4
NU -0.27 Ra (2.12)

Now calculation of h is as before with Equation (2. 10).

For Cavities [15]:

gO(T T )

Ra = bf(2.13)
1~ au

Evaluation of Nusselt number is as follows [15]:

0.29

MU 0.1(P (2.14)
1 O~ 8 P 0.2#Pr)

Evaluation of overall heat transfer coefficient for the ~

machine i s done by averaging each of the above values

based on the respective contribution to0 heat loss

(depending on the surface area). Radiation effects are

also considered. Radiation heat loss is as follows

[15]

q ca(T 4 T 4 (2.15)
r b f0
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2.5 Some Numerical Results

Following are some of the numerical results

obtained as a result of the finite difference

calculations for the z axis. Room temperature is

assumed to be at zero degrees Celsius. Table 2.1 .-

indicates the difference in solution of temperature

field by using a very large grid (1224 nodes) as

compared to a smaller grid (648 nodes). Table 2.2 -.

indicates the difference in solution with a time step of .

15 minutes as compared with a time step of 5 minutes.

The temperature is given in degrees Celsius. Tables 2.1 

and 2.2 present the temperature in Celsius at the source

point. It is seen that the temperature does not vary by ".

more than a degree Celsius for both cases. So all

solutions have been carried out with a time step size of .-..

15 minutes and 648 nodes. Similar analysis on the x y

axis indicates that a time step of 15 minutes and 1652

nodes is sufficient.

2.6 The Elastic Problem

One of the causes of strains in a body is its non- -

uniform heating. With rising temperature, the elements

of a body expand. Such expansion generally cannot 0

proceed freely in a continuous body. Hence thermally

induced stresses and strains result. Deformation of a

body under non-uniform heating is typically an elastic

- ~~~~~~~~~~~. . . .. ".........---" ..... ..". .. •..---... .-.. ",.".-.... .- " .
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A Ii
Table 2.1 Comparison of Number of Nodes

no of nodes Temp at Source

648 7.4

1224 7.0

Table 2.2 Comparison of Time Step

Time step(min) Temp at source 0

15 7.4

5 8.5
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problem. Laws of elasticity being linear allow for easy .. .. "

solution of the deformation characteristics of the * 4

tructure. Laws governing deformation of any structure-.

follow from Hooke's law. Theory of elasticity defines

these laws as follows [361:

- C V(C +a z ))+aT (2.16)tx  E x - v y z :......

E y- (V x+Oz ) )+aT "

E- (a -v(c +a ))+aTz X y

Associated with stress strain relations given above, are

equations of equilibrium, equations of compatibility and
O. 4

boundary conditions that have to be satisfied.

Reference [7,36,221 provide a good review of the

required material.

For a finite element formulation, displacements In

a structure is represented in matrix form as follows: -

[K) {D} = {R} (2. 1 7)

[D] is the vector of displacements to be calculated,

given the nodal loads (R} and stiffness of the

structure. Each node in a finite element mesh has --

associated with it a certain number of degrees of

freedom, (depending on the type of element). Each ."-

degree of freedom is a displacement and is represented .

as an equation in the matrix representation of (2.17).

In Equation (2.17) the stiffness matrix [K] is explained

as follows: The jth column of [K] is the vector of nodal

... ...... . .
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forces that must be applied to the nodes to maintain

static equilibrium when the jth d.o.f. has unit

displacement and all other d.o.f. have zero -.

displacement [481. Boundary conditions are incorporated

into degrees of freedom of a particular node. Those

that are active are kept as equations in the matrix

Equation (2.17), while those that are not active have no

equations associated. Having obtained the vector of
0

displacements, it is possible to evaluate stresses and

strains from theory of elasticity.

In Equation (2.17) evaluation of the stiffness . _4

matrix is done at two levels:

1. At each element in the structure

2. For the whole structure (global stiffness

matrix) from element matrices.

A variety of methods are available for formulation of

the stiffness matrix given in Equation (2.17). Any

standard text in finite elements presents these issues.

For evaluation of displacements the structure under

consideration, the SAP 5 finite element program from

University of California, Berkeley is used. Two type of

elements are used for modeling the structure:

I. Eight node solid elements (three d.o.f./node

,Figure 2.2)

2. Thin plate elements (six d.o.f./node ,Figure

2.3)

Z .

. . . . . . . . . . . . . ."..---
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Fig. 2.2 A Typical Eight Node Solid Brick
Element

4 3% A .

0~ i 2

Fig 2.3 A Typical Plate Element

* a
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Eight node solid elements are in the shape of a brick

and have eight nodal points, with three degrees of

freedom per node. Thin plate elements are used for

modeling plates in the structure. These nodes have six

degrees of freedom per node. At nodal points common to

both types of nodes, non-trivial degrees of freedom are

found by combination. For the problem on hand, all

nodes associated with the base of the machine are given

zero degrees of freedom (essentially the base is fixed).

All other nodes are given all possible degrees of

freedom.

Results of numerical calculations are presented in

the form of plots. For sake of clarity the plots

presented show each of these axes independently.

Displacements obtained at time 180 minutes for heat

source type 1 (refer Appendix 1, Table A1.1 and Table

AI.2) are plotted for each of axis, Figures 2.4, 2.5 and

2.6. The variety of conditions for which solutions have

been obtained is presented in Appendix 1, Tables Al.1

and A1.2. Each of the Figures 2.4, 2.5 and 2.6 have

local coordinate systems and these are shown in the

respective figu res. These coordinate systems are

different from the machine coordinate system, shown in S

Figure 1.2. All calculations have been performed with

respect to coordinate systems as shown in respective

figures.

0 S
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CHAPTER 3. COMPUTATION OF MACHINE ERRORS

3.1 General

Numerical techniques for evaluation of thermally

induced displacements in machine tools were presented in

chapter 2. Evaluation of errors from a distorted

structure is discussed in the present chapter.

A typical linear carriage is shown in Figure 3.1.

The following assumptions are made about the carriage:

1. It is designed for linear motion in x

direction.

2. It is a rigid body.

3. Has a measuring device for x position.

On such a carriage, one can measure at least six

different error terms, one for each degree of freedom

[41]. Besides these errors, errors of drift and errors 0

of non-orthogonality of the various axes present

themselves. Each of these errors vary with temperature

and it is suspected that strong relations exist between *

these errors and thermal fields in a machine tool

structure. While some of these errors, typically

positioning errors are a function of the positioning U L

-.. . . . .. .- . •

S- .. °

".. . . . ° " .

.- . ,. .-. ... . . . . . .... .... . . . . . .

.... . .. ' ' . .... . . . . . .. "- - ' - ''. .. .".. . . . . .L .. . .L'""'. L5 '-.'' .¢ ''_. ._".." -. "
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system (lead screw, resolvers etc), rotational errors, ;....

and errors of straightness, will exhibit strong 0

dependence, on machine structural distortions. A

procedure for evaluation of structurally dependent

errors is presented here. Combination of all errors

causes the accuracy of a machine tool to deteriorate in

it's work space. This is the principle offered by "Abbe

offset" errors [32]. A method for evaluating the .A

combined error in the work space is proposed. This

chapter also discusses the possibility of prediction of

thermally induced errors in machine tools. The approach

proposed here uses regression equations and the method

is verified with numerically evaluated data.

3.2 Evaluation of Structural Errors

Errors of interest are the six degrees of freedom

exhibited by a carriage. The idea used here is to

simulate carriage motion on a distorted structure

(numerically computed) to obtain the error

characteristics of the carriage. The methodology for

obtaining structural errors is related to rigid body

motion.

The carriage itself is represented as a line that •

spans the guideways. Motion of the carriage is - * -

numerically implemented by moving the line (representing ..

the carriage) along that portion of the distorted

. 0 0 i •
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structure represented by the guideways. As the line

moves along the guideways, it will exhibit six degrees .

of freedom (errors) which are similar in nature to the

errors exhibited by a moving carriage.

The technique is explained in Figures 3.2 and 3.3.

In Figures 3.2 and 3.3, the shaded portion is the :

guideway, while the line itself is the carriage. Figure

3.2 shows the calculation of vertical straightness error
y 2--- -i- * !

and roll. Figure 3.3 shows the calculation of pitch.

Calculation of vertical straightness error is done by

averaging the values of displacements at points 1,2,3

and 4. For calculation of roll, displacements at points ,

I and 2 are averaged to give displacement at point 5. " "

Displacements at points 3 and 4 are averaged to give the

displacement at point 6. Roll is now calculated as

Roll = atan(Az/dl) (3.1)

Az and dl are as shown in Figure 3.2. Figure 3.3 shows

the technique for the calculation of pitch. Similarly

yaw and horizontal straightness can be evaluated by

considering the horizontal displacements of the

guideways.

A few comments are appropriate here to distinguish 0 -

between measurement of errors and evaluation of errors,
* ..-. * -

as proposed above. Errors are invariably measured with .,- .

respect to some reference frame. It is not possible to

% 6

-- • .- .*., .-. -v - .- . *.*. . . . ,..... -- = ./ -- .. . - .. .. . ---......... ,.• , . ...-. A . , . -2.--"- -
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6

3l 4 .

dt I

Fig. 3.2 Calculation of Roll

dI

Fig. 3. 3 Calculation of Pitch

0 
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measure error magnitudes in terms of absolutes. In

contrast, in the above method, one has a fixed reference

frame, namely the undistorted structure to comparee.

against. This undistorted ("nice") structure does not

exist in the case of experimental work. Further it is "

not possible to evaluate errors that are built into the -"-

machine. These errors are associated with manufacture

and mounting of the machine in question.

As regards positional errors, it is well known that

these are a function of the lead screw errors (pitch .

errors of lead screw) and of linear expansion of the

lead screw. The lead screw is not incorporated into the

model, hence it is not possible to evaluate lead screw -

induced errors. However, if it is assumed that lead 0

screw expansion follows that of the structure, then it

is reasonable to deduce that linear expansion of the

lead screw is at least of the same magnitude as that

evaluated by structural calculations. The calculated

errors are plotted in Figures 3.4,3.5 and 3.6.

3.3 Assessment of Volumetric Errors

Volumetric error is defined here as the error

* vector of all combined errors in the work space of the •

machine. It is importance to determine how errors

detected at the various axis combine in the work space

of the machine. Evaluation of the combined error

. - .
• 

.
o 

.-

.- o . . . . .o . ..- . . - . -- °° - .°. o .- - - .- .- . . o . o-*- ~ ., . . .°- .o .. . *..
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provides an indication of the actual error a workpiece

will experience. Here it should be stressed that errors

of the cutting process and errors in location of tool V-. ...
'•p .-..

and workpiece are not considered. For this part of the

analysis, three models are formulated,

1. The coordinate system is orthogonal (model 1)

2. Non orthogonality of the coordinate system is

considered (model 2) -

3. Errors of drift are introduced (model 3)

Using the above models, it is possible to determine

the error vector in the work space of a machine tool. .

The relations are defined for a three axis machine.

Extension to larger number of axes is easy.

3.3.1 Model I

The model derived here defines the volumetric error

for a perfectly orthogonal system. By a perfectly _

orthogonal system, it is meant that motion along all --Th-.-.

three axes follows along three orthogonal lines. All ''

errors are defined with respect to a single reference 0

point and this point is the zero of the machine tool

coordinate system. Second order effects are not

considered.

Homogeneous transformations are are ideal for

representation of errors. They are also ideal for , " "|- .-

calculation of volumetric errors. Combining errors for

,.. .: .--'-'.. "I.%§ .°o o.K°, O o III
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x axis, the following transformation results [49]:

I I -ez(x) ey(x) Ax(x)*

ez(x) I -ex(x) Ay(x)

I-ey(x) ex(x) I Az(x)(32

0 0 01

Similarly matrix transformations can be obtained

for axes y and z. It is known that neglecting second

Sorder terms, these matrices possess the following

property

(XI [Y] = Y] [X) (3.3)

Matrices obtained for x, y and z axes can be combined to

obtain the volumetric error matrix as follows: -'

1 -EAZ EAY Ax

EAZ I -EAX 6~y 0

E~ = EAY EAX I Az j( 4

0 0 0 1

Each of the above terms is defined as follows

EAX =ex(x)+ex(y)+ex(z) (3.5)

EAY =ey(x)+ey(y)+ey(z)

* EAZ -ez(x)+ez(y)+ez(z)

Ax Ax(x) + Ax~y) + Ax(z)

=Y by(x) + Ay(y) + Ay(z) .X...

PAz =Az(x) + Az(y) + Az(z) -

Now volumetric error is calculated at any point in the

work space as follows: If the vector of a point in the

0work space is given as:* *
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Iposi z (3.6)

then the volumetric error is ,.".'-

[V] [El [posi - [pos] (3.7)

3.3.2 Model 2

Here errors of non-orthogonality are considered.

Errors of non-orthogonality are due to non orthogonal
*" .' - . = °

motion of slides on the axes. Referring to Figure 3.7: ,

2 2 2 2

oa +(oa*tan(o)) +(oa*tan(a)) -ob

Defining the following,

2 2 -

toni - \ I+tan a+tan2 (3.8)

real motion along any axis say x, is obtained as

Real motion - X conl (3.9)

In Equation (3.9), X is the x component of the [pos]

vector. Similarly real motions along the other two axes

are calculated. The calculation yields a vector of the

form,

Xc on I

Ycon2

Zcon3 (3.10) .

1

Equation (3. 10) is necessary for calculation of

volumetric error and it should be used in the place of

** ., % ' -. ... :

....... . .. . .......... . . ....-.......................... ......:"--:" .-.. ..-...--....
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[pos •. It should be noted that out of plane

displacements, are represented as straightness errors .

and these have already been considered in model 1.

3.3.3 Model 3

The problem of drift is considered here. Referring

to Figure 3.8, drift is defined as the following vector:

xd 0

yd (3.11)

zd

If, after the calculations of models 1 and 2, the

following error vector results, I.. :

a~

b (3.12)

then the volumetric error is

a+xd

b +yd (3. 13)

ck+zd

This vector effectively represents the error that a

workpiece will experience. Calculation of this vector

for the machine under consideration at various thermal

states is shown in Figure 3.9. The calculations are for

a cubic work space of 66 Centimeters ( 26 Inches ). .

Error values as computed for the outer most point -

. (66,66,66) of the cube are presented in Table 3. 1 .

" -
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Table 3.1 Error of Outer Most Paint of ___

Work Space of Machine Tool, Numerical Work.

Time Error (Microns)

ins X dir. Y dir. Z dir.

30. Z 1 T-FT --2WJT-
=2777-6

120. -38.9 59.9/ JTh74
18. 4818 879/ 8z~T
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3.4 Regression Model and Prediction Results "..'e -S

% -6

The objective is to obtain equations which will

predict the errors of a machine at any point in time,

simply based on the temperature values measured at

certain points on the machine tool structure. The

technique used is shown in Figure 3.10. With this

objective in mind two models have been formulated. One

is for time periods greater than 60 minutes while the

other is for time periods less than 60 minutes. The

models are developed and validated using numerical I
results computed by the techniques of section 3.2.

The models attempted are as follows

i-n
2

Error E (ai T + b X T + ci X (3.14)

i-n
Error Z ( a logT + b X logT (3.15)

il i ii

2
+ c. X logT1 ) +d

In Equations (3.14 and 3.15), X indicates the position

of the axis at which the error is evaluated and T is

the temperature of the i'th point on the machine tool.

For evaluation of the prediction equations, a maximum of

11 temperature points are used. Eight of these points

are the corner points that make up a cube and the '

remaining are those that are associated with heat

sources. Location of the temperature points are shown in "

*. .,-...,....

; ",.............. ...........- ......... ....... .......... ......_.-, - ..- : . _ . -. -... . .. ... .- -:;_-*...--. '"S'-' .',--._? .--. . ..-. .-. . ..''2".;'- 7_; .? " ;;'' 'LL ;' ] 3'; ;"[
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Appendix I, Figures A1.5, AI.6 and AI.7.

Equation (3.14) is used for time periods greater
*' %.D**

than 60 minutes, while Equation (3.15) is used for time "

periods less than 60 minutes. The coefficients of

Equations (3.14, 3.15) are evaluated using a standard

SPSS package. Equation (3.15) is used because of the

exponential nature of the heating process. The reason

for using higher order terms of X is because it is known

that the temperature and displacement fields are

generally represented as sine and cosine terms of X

multiplied by eigen values. Hence higher order terms of

X are used. Results of the regression indicate in each

of the 18 cases considered (6 on each axis), a

coefficient of multiple determination greater than 0.95.

Equations (3.14,3.15) for the machine being modeled are

presented in Appendix 1. Appendix 1, Tables A1.3 and -

A .4 present the accuracy obtainable by regression

equations. It should be mentioned that the errors in

the first 60 minutes of operation are of very small

magnitude in comparison with those at later times. Due

to this characteristic, it is felt that compensation

based on look up tables would work very well for the

first 60 minutes. The look up table would consist of .

average values of errors.

The prediction capabilities of the regression '

equations are presented in Figures 3.11, 3.12, 3.13 and

-1• * - -_ * -.- ,.
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3.14. The data points in Figures 3.11, 3.13 and 3.14 ...

have not been used in the evaluation of the regression * 4

equations. Figure 3.12 shows the fit of the regression

equation for data used to generate the equation. Figure

3.13 is specially relevant because the location of the

heat source on the y axis has been shifted. In spite of

the shift in the heat source, the form of the errors is .*.- -'-

the same, although there is a change in the constant

term associated with the regression equation.

The data used for analysis has been generated by

numerical methods and hence is idealistic. The real

test of methods proposed is when the models of the type

used in Equations (3.14,3.15), is tested with

experimental data.

,,"o* . I '-°

-7-S

- * -. -

* ... .* .** *** *,..-"..o..-°-. "-
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CHAPTER 4. ANALYTIC SOLUTIONS

4.1 General

Machine tools are generally made up of box type

structures. Analysis of machine tool structures has

been done in the past and a detailed discussion of the

subject is present in [50J. However the discussion in

[50] does not cover thErmal deformations. Analysis of j
box type structures made of isotropic, homogeneousF

materials is of concern in this chapter and two types of -

analysis are covered here. One shows that thermal

effects on the errors of machine tools can be predicted

by the use of simple regression equations as shown in

Chapter 3. The second gives analytic expressions for

the evaluation of thermal fields in cubic box type -
'-.~ \%..

structures. The second analysis has been extended to
* 0

cover thermal deformations. Both analysis make use of 77
quasistatic approximations. Experimental results

presented in chapter 5, indicate that quasistatic , .

conditions are present. Quasistatic approximations

." permit solution of uncoupled thermoelastic equations.

... ,..*-...---.. ..... . . . .
""* '1""*''1 -. '-:--". -" .- '".- .'

. * *i . . . * * . * * .



V.

L,5  -. -.. -.. '

74 o -' , t .

-h.. ..-. .

he4.2 A Problem of 3 D Thermoelasticity .f h ia f

The problem of interest is to show that thermally ,- een%

induced displacements in a box made of thin plates can

be predicted by monitoring the temperature of a few

points. Machine tools are generally made of thin plate

box type structures, and so the analysis should hold

them too. In this section most of the ideas for

simplification of differential equations have been

adopted from [36]. ighe

A technique for the evaluation of machine tool
errors has been presented in chapter 3. This technique " --.

essentially relates machine tool errors to displacements

by simple transformations. Because of simple

:'i ~r eia ti on s h ips b etwe en e rr o rs a nd d i spla ce me n ts, ',,:-::":]

prediction of displacements leads to the conclusion that "-'"-'

prediction of errors is possible. The analysis also J - -

provides indications regarding the location of the
mi nimum number of the rmocouples requi red for pred ict ion : ii .:!

of thermally induced errors. It should be noted that as..._ j_ _

the number of thermocouples used increases, reliability "''- ,

in prediction is higher. ,.'..°-,

0The thermoelastic equations to be solved are as .-:....

f oll ow s [ 7 ]: 3e'2 e ;'(4I) '

-- . . ..- -S-. . . . . . . . . . . . . . . . . . . . . . . . . 1).- } g
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aye ay

+ e+4Vw X+2 3T 0
8 Z e a-Z 0

Body forces have been neglected in the Equations (4.1).

The terms are defined as follows:

e a u+a - (4.2)
ax ay 3Z

u v w -displacements in x,y,z respectively

T =T( x,y,z,t ) is temperature and t is time

I + v )( 1 -2 v)
E

2 ( I1+v)

v = Poisson's ratio

E - Modulus of Elasticity

a -Coefficient of thermal expansion
e

For the heat transfer problem, the equation is [511,

2 g t)
V T+ T 6(x- x )6 (y-y )6(z-z )-h T =(4.3)

t

In Equation (4.3), the terms are

h -Heat transfer coefficient (4.4)

T -Temperature

K -Thermal conductivity

g t) Heat generation

K
t ( c )

P0
p-Density

c Heat capacity

The -h T term in Equation (4.3) indicates heat loss from

the surface of the body to a medium at zero temperature.
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Initially the elasticity problem will be simplified

and then the thermal problem will be incorporated.

Define potentials of the form (36]:

-a ht

U T-Je -t (4.5)

tht

a ht
t

w e

-a ht
2 a tei -- [ e , (4.6)

-a ht
2a 2 tVv U (.7

-a h t

a t
v w -[V 1 e

Substituting Equations (4.6) and (4.5) i n Equations

(4.1) yields,

-a ht .

2 a 2 (3t+~

2 ~ 2 t =j ) ( 3
)X+

2 u) a e ( .a 8

-a ht a

D 2 a 2 t3TV +4, - + ij- v p,]e t ( 3 X+2ij) a a
eaz

Simplifying Equations (4.8), :Y- .-

h t
(X+2u) [V ax Je -(3X+2pi) a -T (4.9)

2 x e4 -a ta
at

X+2
ji) [V -- le M(3X+2ii) a -By e ay

2 a* -a tht aT
X)+21j) [V 7i- le W (3X+2uj) a -

z e z
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From [36], the following relationship is known:

( ~ 2 i ) -C I v )(4.10)

Using Equations (4.10) in Equations (4.9), yields

-a ht
2 BCtI + V 3 T (.1

-a h t

Je 2 -* e I + v D T
T__ - --- v--y ae-

Equations (4.11) are satisfied if [361

-a ht
2 t +1$v

V ijle - - a T (4.12)-v e

The general solution of Equation (4.12) is given by [36J 1 ,

+ +v a

4 v (I t

r

In Equation (4. 13) r is distance between point T , ,

and x, y, Z. -

Also T( )is the temperature at point T1,, C at

time t. Notice that time enters Equation (4.13) only as

a parameter. Solution of Equation (4.13) is generally

very difficult, hence an alternate formulation is

necessary.

In Equation (4.3), the -h T term can be removed by

using the following transformation. Let

-a ht
T=Le

T L e
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Now Equation (4.3) will be written as *,

2 - - - a ht
P2 XX t (.4

V L + K )6'x )6y-y )6(z-z )e(41)

Let t ing

K 6(x-x ) 6 (y-y )6(z-z ) V Q

enables Equation (4. 14) to be written a s

a ht
2 2 t 1 DL

V L + VQe (4.15)
t

Equation (4.15) then simplifies to

a ht__(.6
2 1

V(L Qea a t
t

Differentiating Lquation (4.12) with respect to t, after

-a th t0
making the substitution T -Le resul ts in,

2 a~J I + V ) L
V 3t71- (4.17)

I -v "e a

Using Equation (4.16) in (4.1 7) gives

a ht
2 al (1+ V 2 t7 3t ci v aat V L + Qe 1 (4.18)

2
Replacing V on both sides of Equation (4. 18)

a hit
a~pI + V) t

=a a- L a [ + Qe 1(4. 19)
a t V e t

From Equation (4.19) ipis evaluated to be

1+v)t a ht

a f~ L + Qe t jd t (4.20)
0

Boundary conditions have to be considered. Machine

tools are generally fixed at a few points on the base to
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the foundation. For the problem on hand, let the machine

be fixed at k points on the base (xl,yl,O), (x2,y2,O)

..... (xk,yk,O) These boundary conditions are written

a s

u(x,y,O,t) - 0 ; at all k (4.21)

v(xyOt) - 0 ; at all k

w(x,y,0,t) = 0 ; at all k

Inclusion of boundary conditions is generally done by

splitting them into two parts as follows,

u -u + u (4.22)

V1) (2)V - v + v "-''-::.

(W ) (2)
ww + w

In Equations (4.22), u(x,y,z,t) is written as u.

Similarly for v and w. In Equations (4.22), the terms

u v and w satisfy Equations (4.1) without any -. *.*-

(2) (2) (2)
boundary conditions, while the terms u ,v and w

satisfy the problem of isothermal elasticity with the

boundary conditions suitably modified.

The problem of isothermal elasticity is defined as S

follows

e 2 (2)
x + t) aex +U 2u 2 0 (4.23)

(2) , .
ae 2v(2)

e 2 )j(2 a y +'Vv''0

+ az + V w = 0 ,, -'

For the isothermal problem, the boundary conditions are

. .. .- . •

.o • . .

,)- . .*% 
o



so

written as Equations (4.24), from (4.22).

(2) (1)
u = -u ; at all k; (4.24)

(2) 1l
(2) (V) at all k;

(2) (1)J
w = -w ; at all k;

Equations (4.24) force the base to remain fixed at all k

points. From Equation (4.20) and (4.5) the

displacements are
* 4

(! ) a -a htt

v -- Ye (4.o2ax h(I) -atht

v -w-==.e W\'.-..

we

Using Equations (4.25), the boundary conditions for the

isothermal problem are written as

-a ht c -s
(2) _ _ t .. su e at all k (4.26)

. (2) a* -t "
Sv - "e at ail k "

-a ht
( 2 )  t

" e t at all k

The isothermal problem defined by Equation (4.23)

and associated boundary conditions of Equation (4.26) is * 4

solved by a superposition principle over the k points

where the displacements are zero. Despite the simple

appearance of Equations (4.23), their treatment is not

very simple. One method of solving such Equations is

presented In [36;. The method is calls for setting up

displacements as follows

*. . . . . .. . . . . . . . . . . . . . . . . . .. .:.,.. %

- . . '* -.. . . . . . .. °.. .



aV X- X + Z (4.27)
V 2a- 0 +01 0+X +Y0 2 +Z0 3 )

In Equations (4.27) I1k~

4a (4.28) .,

also the functions are t o s at isafy the following

conditions.

2 O (4.29)-9

0
2

2=0

2 'A'.z
V03 0

Essentially the isothermal problem is t o be solved at

t he k points where displacements are to be equal to

zero. Explicit solution of the isothermal problems will

kC2) k(2) k(2)
not be attempted here. Let u ,v and w be the

solution of the k th problem. Solution of the

displacement problem is now written out as .-.

t a ht k - aht
-aV a + j j(2) t

U -v te- axJ+e ) e d(430

- L~.aa [.ALQ a ht k -a htI+Va t j2 t
1-v -e-t az i-i

temperature through thickness will be neglected and the
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analysis will be restricted to a single plate. Consider

the body shown In Figure (4.1). The body is heated by a

point heat source, and the observed boundary conditions

are as as shown in Figure (4.2). Explicitly the

boundary conditions are written out as

T - f (y,t) at x - 0 (4.31)

T - f (y,t) at x = a
2

T - f (x,t) at y = 0, .

T = f 3(x,t) at y = b

The boundary conditions as defined by Equations (4.31),

are assumed to satisfy the heat conduction equation, and '"

so are separable into functions of space and time.

Explicitly f (y,t) can be written as

4~~~ t*..p~

f =  F (y) e -  t (4.32)
4 4

In Equation (4.32), F4 (y) is a function of the variable

p.. 
"

y, while e is the variation with time. p is a

constant and the variation with time is negative
" . -." .%" "

exponential. All the functions fl' f , f and f are
1 2 3 4%

expressible as products of space and time.

f (xt) " F (x)e- t

f (x, t) F (x)e- t

f 3 (Yt) = F 3(Y)ep

f 4 (y,t) - F 4 (y)e- •

The initial condition is

T(x,y,z,O) - 0 (4.33)

". .-.-.-.- '..-..".-.-.-...... -.......-.... ..-....-..- . -...
:.-i -2.~ - '-' .'. '. .- ' . ; ., ' . .-.- g ''-' .. ' ,., -"-" ." - .'".' ' " .--- ' .- ''''''''''''"''
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Typically in an experiment, if the temperatures of

corner points are mzasured, then, the temperature of

corner point I (refer Figure 4.2) will be given as '

Temp at point I - F 1(O)e~ F 4 MOe

Similarly the temperatures of the other 7 corner points

can be derived from equations like (4.32). The heat

transfer problem (two dimensional version) given by

SEquation (4.3) will be considered. Using the following

-a ht
tsimplification T -L e ,Equation (4.3) is written

a s

a~ ht
h 1 t I 3L

V L + -e g(t)6(x-x )6y-y1 ) - (4.34)
t

The boundary conditions as expressed by Equations (4.31)

will undergo the same transformations and are written as

ai ht
tL - f (y,t) e at x - 0 (4.35)

L - f (y,t) ecth at x - a

ai ht
t

L f f(x,t) e at y 0

The initial condition is

T(x,y,z,Q) -0 ie L(x,y,z,0) -0 (4.36)

The Green's function for the problem is given as [51], 0

2 2
- -a-c (a + X)t-

G(ytl' ,y ,T E E e t nm
ab 

-m ini

sin(O x)sin(n Y)sin(B x )sin(n (4.37)
in n in n
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In Equation (4.37), 83 and nn are the eigen values.

m al ne@t nit

Lett ing, 
k

c (a 2 n 21

t M n

and

2 2
c a ( + n +h)

adt m n

solution of the heat transfer problem is now written out

a s

4a t a b -c(t-t)

L = (Kab) f f f Ze sin(BmX)Sin(nny)*

-=0 '.0 0omn a hT

sin( mx )sin(nny )g(T)e t ,

6(x-x ) y-y I )ddx dy
t b bd 

y

+a. f f e-C(t-) sin($ x)sin(n y)*
t -m m n

mn T-0 .0 =0 -- 
a ht -

-

slin ( nn y )f4 ( y  
T ) e tdxdy I "++"-"

r b

y b0

I (Ia t h T ,' ..-.- ' .

slin( nn y )f 2(y ,T)e d~dy - ""

t a

-(t-) sin($ nx)

-r f l~ n e X S n(rInY)* '" -' '+
+am =x =0 a...-hri"'

t a h m dnd-

mn T-0 ' I __ ' -
-a hT h

( t

siIn x)f (X ,T)e dTdxdd..(4.38)
-c t - )(_ I)n,'-''.-.-'

-T EE tr lf be dn.nThX)Sin(ny ) *at n n nr- "-' '' -,

m.9 T-0

x -0

*. . .. . . . *.- . . . . -.. ' . . .,,. .. ,:

sin( 0 x )f (x ,r)e t dTdx (4.38) """'
m 3 

• !

Term by ter simplificatn c be d. The fit t

**~*~=* N --.--.-. "-.-.-:
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of Equation (4.38) is written as (under constant heat

generation conditions ie g(t) = g) 0

a ht
4a t _e-Ct
-K E g[ ath+c ]sin(8mx) *

inn t
sin(n y)sin(O x )sin(n y ) (4.39) .

n m n

The second integral on simplification will give

(cI-p)t
-Ct e

.t E e M sin(8 x)sin( nY)n cl-p -.
m 2n-1 n

(F (b)-T (0)) (4.40)
4 4

Note that n is replaced by (2n-1), indicating that n

will take on only odd values. This notation will be ,

adopted henceforth. In the above simplification, the

second and higher derivatives of F with respect to y

have not been considered. During the simplification, it l

is seen that the odd derivatives drop out, while the

even derivatives will produce functions of the form

b
-fsin(n y )f ( y  ,)dy (4.41

0 n 4(y .t*dy (4.41)

In Equation (4.41) f4  denotes the second derivative

with respect to y • It is seen that the Equation

(4.41) will essentially produce a series of the form

°"l °" -" ---1
[-c°S(nnY )f4 ( y  

Tz)+ Lfc°s(On Y )f4 (y T ....... " " -'

n n 0 0

A.'

* S_

.~.*..2;*ii~i%~Ii; :::;i::.j :
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The whole thermal profile is written as (.2

a ht
4ga t - ct m

K m n c + a h

sin($ x)sin(n y)sinC8 x )sin(n yl
m n m I n

(a h-p t
t 28

+aE E m )-a)s~n(8 x)sin(l y)

m 2n-1n
[F (b)-F (0))1

4 4
(a h-p)t a

t 2B (-1)m
-a E e)sin(O x)sin(n y)*

m2n-1 clpnfl.

IF 2(b)-F 2(0)]

(a h-p)t

+ a I )- si n( x s In~r y)

IF (a)-F (0)]1
(a h-p)r 2n In

-a E e E )sin(O x)sin(n y)*
2wpcl-p m

[F (a)-F (0) 1
3 3 '

For computation of the errors of machine tools

refer to chapter 3, where a technique has been described

for evaluation of the errors as a function of

displacements. Essentially the method calls for the

evaluation of displacements along two lines of interest.

The slide essentially moves along these two lines. To

show that errors are predictable, as a function of

te mp er at ur esv i t w ill b e sufficient if we show that

displacements u,v and w are predictable. Also variation

of errors is of interest only along a particular 61

* 0
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direction and this direction is the one along which

motion takes place. For this particular problem, assume

that the direction of motion is the x axis, then if it

can be shown that displacements along x (with y, z being . **-.' "

held constant) can be predicted as a function of

temperatures it will be sufficient. This will be done

for one of the displacement u, since for v and w the

same analysis will hold. u is defined to be S-.. . -.-..

t a ht k -a htI+[ t j (2) t
a a (L+Qe )+ E u le dtI v e t- x- . -.-. .

0 - I
Now a term by term simplification will be carried out.

The first term L is defined in Equation (4.42).

Differentiating L with respect to x, integrating L with

respect to t and noting that y is a constant yields the

following result (neglecting constants)

-cit m

clt]-Cos( 8 x) (4.43)K ci1 c I m
mn0

28
m e - p t

-a E r - cos( x) [F(b)-F(0) e

t 1m 4 - p  t p ......tm 2n-1 ~n m 4 c -

282 -pt
+ (-I) m -Cos(0 x)M e

tm2n-I T n m-: 2 cI -

-pte

-a E n2ncos(mX) [F (a)-F (0) I( )

n e - .t

+a t  r. E(-1)n 2n n cos(0m x) 3 3 (a - ( (cl-p)p "'.. '
2m-I n

In Equation (4.43), F (b)e- p t and similar terms

represent the corner temperatures. It is also known .....
* o]

that -

* o0

.. . -.° . -
t h°a°t

• . -° , . - -° o o . ° o. - , - ° ' ° - . . . . . ° ° , ° . . . ' ' , , , % " °. " , . ° ° . - . - ° N, . - '
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2 4X) X)
cos(0 21 + 2 " (4.44)

c 0 -..)2 24 .- . ....

Substituting the Equation (4.44) in (4.43), it is seen

th at
that - can be represented as a function of the corner

0

temperatures and the heat source point. Carrying out the .

same analysis on all six plates that make up a box, it

will be seen that temperatures of all 8 corner points

will be required. To carry out the process of - -

monitoring temperatures, it will be necessary to place

thermocouples at the corner points as well as on the

heat source points.

The second term Q Is known to be

V Q =6(x-x )6(y-y
k I I

The solution of this equation will contain terms of the

form 6(x-x ) 6(y-y and polynominals of x and y.

2 (k)

The last term u , is the contribution of the 0

isothermal part of the problem. The isothermal problem

is defined by Equations (4.23). By assuming a potential

of the form 0 0

u ax

a ay
a

the isothermal problem reduces to

2 @
S. 0.(4.45)

* x

.. . . . . . . . .- .

.. . . . . . . . . .. "
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An approximate solution to the problem is given as

2 2 2

* ax +by +cz +dxy+f yz+gzx (4.46)

This solution will satisfy the isothermal problem, and

the boundary conditions (4.26) will help determine the

constants of the Equation (4.46). u is evaluated to be

u =2 ax+dy+gz (4.47)

since u is required only as variable in x (yz being

constants), the Equation (4.47) will reduce to

C -, ' -' -, .

u o2 ax+k (4.48)

In Equation (4.48), k is some constant. It should be

noted that the isothermal problem is mainly concerned-,.-

with inclusion of boundary conditions. It is known from

Saint-Venant s principle, that these influences will be

local and so they can be neglected without significantly ~

affecting dispacements and stresses at far away points.

Adding the three terms of the Equation (4.30) i t

is evident that the displacements can be represented as

linear function of the temperatures. A typical function

is given below, Equation (4.49)

u ds a + b ET + cx ET . po..ts(4.49)

In the Equation (4.49), the terms a, b,c., are to be

determined from simple regression equations, while the

..... "..".-- ... .
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T terms are the temperatures measured at the corners

and at the heat sources. Due to the existence of such

simple regression equations, it is possible to predict

errors as a function of temperatures. An objectives of

chapter 3 is to show that such regression equations

exist based on numerically computed results. Chapter 5

presents experimental evidence to show that expressions

like Equation (4.49) can be obtained for complex machine

tools.

4.3 Heat Conduction in a Cube
, ..' '... ..-

The problem is to solve the heat conduction

equation in a cube made of thin plates. Figure (4.3)

shows the cube and the conventions used. The cube is -k-. .

assumed to be in a medium at zero degrees. Define the

following, Figure (4.3)

T Temperature at x f 0 plane
1,0

T1  Temperature at x a a plane

T Temperature at y - 0 plane2,0 .

T T2 b= Temperature at y - a plane

T - Temperature at z - 0 plane
3,0

T - Temperature at z - a plane
3, c

The problem to be solved is defined as follows

2 22 T a T -T1,0 10 1 T-"02 + T 1(4.50)

a 2a z 2  B T 1  0 a t  a t. - "

-.- - . . . , . - - . . .-..... . . " " - .•
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2 2 4, °."o.. J~

a2 TT T
1Ia a 1 l,a

+ T-
2 az2 1,a a atay a

a T 2 , 0  t 3T ......
2 + T2,0 2,0

x z 2 20 a t

axaz t
2 2

a2T 2, a2T 2b I 3T 2,b .

ax aa 2  a 2 , T ,:....,

3,0 3 0 1 3 0
2 2 - 3,0 at tax 3Y

2 2
a T 3 ,c T a T33,T + 3,c T 1 3

2 2 T3 , c a at

h
In Equations (4.50), B is K where h Is the heat

transfer coefficient and K is the thermal conductivity.

K
• is K Where p is density and c Is heat.'- 7cp p' ! ii

p* c " p .:;'-*.'-',*.

% capacity. The boundary conditions are

T (0,z) - T (0,z) (4.51)1,'0 2,0
aT ""

"a (0, z) aBx ....L 0,,z
ay

T 1 0 (a,z) - T 2 , b(0,z) Z L-"w
BT

l,0 z 2 (0 'z--a-'"- (a, z) - ax ,z)- .:'":::::

T (a,z) T (0,z)
2,0 -,a

'(a,z)" y(OzaT2,~') T~ :.:.:..

2,0 ( a z""'"'"ax By
T (, z) T (a,0 ) r

2-,-b a
aT aT

- 2~ z) (la8 z)

T 1 0 (y,O) - ' (S)...''''''
ax T-

T I O
0 (y, a) = T 3 c(0,y)--."

T (ya) T (0,y)
1,0 3,0

aTT

az a x

.. 0.. .. w (, .. .. .,- 3 , .(
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"- 0Z~~O X( a", -
0(Y a
01Z< a

TI, 0 (y,z) Temp. on plane x 0.

TIa(Y z) - Temp. on plane x a.

T2 ,a(x,z) Temp. on plane y 0.

T2,b (xcz) Temp. on plane y a .

T3,0(x,y) Temp. on plane z 0.

T3,c(x,y) Temp. on plane z a.

* .c. ',#

Fig.~: 4.3 Covnin On -Cube
d..,./

Fig. 4.3 Conventions On Cube.-.,""---

0

%- . . . ,

.*. •• °.- .

-,.. ** . ... ,". ..-... . .,-..* ............'-.*. *. *

-A.. . . . , . . .. .- . -. . ... , , .. ° ..-. .... . .,. ,... .- . ...... .,.. . ... .- , .-, ..-... . .. . :. . *. - --., .
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T 3 0 (ay) - T (y,O)
3,0a

T (ay) - T (ya)
3,c Ia

a T_ aT 1 a;.'3.- -
- 3(ay) - a_ 

_,a)ax az (

T (x,0) - T (x,0)
2,0 3,0%

aT aTT2 0 3T .0•...
- 2 x O) x 3,0az ( 'ay ( ,0"''--. .

T (x,a) - T (x,0)-'2,0 3,c
a T a T

2aT 0 3T b
zA ( x. a ) - a (.. 

. .

T x, a) - (x, 0)
3,0 ' 2, b ,

a (x,a) 3T2 -Oay a

T (x,a) " T (x,a)
3, c 2, b

3 cT- IC(x,a) -x a) 7

ay Z:Cx.

To simplify the problem, the 0 term in Equations

(4.50) is factorized out by the substitution

a Ot
t O

L -T e (4.52)

Using Equation (4.52), in Equation (4.50), it is seen

that Equation (4.50), reduces to

2 2
a L a L 8L1,0 + 0 - 1 I,0 (453)

2 2 atay a: t
2 2

I,a a La I L Ia
2 2 a atayaz t...-. --.

2 2aL a 2L aL
• 2 , + 2,b 1 20,0

2 2 a t". ~a x a z t ,s..,,,
a" a22 a L

.. ~ , b 1 2, b ....
"-" '~ 2 "a at .......

ax-t

• *°% , " .°.S
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2 2k
30 + L3 , 0  1 1 aL3 ,0

x 2  ay t

2 2 ~
aL a L 3 , - '

3,c + 3,c 1

ax2 a+ 2~ Ni ta
The boundary conditions defined by Equations (4.51),

remain the same, but the term T is replaced by L.

The problem defined by Equations (4.53), is

represented in the form of an operator as

I 2 2

ay az

2 2
0a a 0 (4.54) -

az2 ax2

2 2 -a a

ax 2  ay21

The domain of the operator is

D(O) = All functions satisfying

boundary conditions (4.51)

also

0 - [0,D(O)] (4.55)

The under bar is used in Equation (4.55), to indicate

that it is a vector. The temperatures are written in

the form of a matrix as

[S

L LLI,0 L 'a " """'""."

, L L (4.56)
S

=  L2 0  L2 ,b I

L L
1 3,0 3,cI

The whole problem is conveniently defined as

.... ...

-. .S . - . .. . . .. . . . . , , ,. .-,- . -. - . . , - - . . . . . . ...... - , . . . , . , ;. , o, -.-... - , - , - . ., > ¢ - . , - - -. , . . . . .



r--~~~~~ 17 I 7777W

96

i a;

L -0- L (4.57) A~..
a t t -. .

Equation (4.57) Is written as wvr

a t(L > (0 L ,U > (458%

a aatNwtheEuto 45) switna
t

SL U> No the 0qato (45) is Urit(4.59)t-

EquationL ,U (4.59)issmlfe togv

aT

a T L U -X < L ,U >

The above Equation is possible because *

<0 L,U> - <L,OU> - X(L,U>

The inner product for the operator 0 is written as

aa
<U ffU1  V +U V Idydz+ (4.60)

a a
fJf[U 20V 20+U , V 2,bJdxdz+
00 2, 2, 2, 2b
aa
fJf u V +U V ]dxdy
00 3,0 3,0 3,c 3,c

In Equations (4.60), U, V are eigen functions. The

operator 0 is self adjoint because [471,

<0 U *V> -<U 0 V> (4.61)

To show that the Equation (4.61) i s true, boundary

conditions (4.51) are required. Also in Equation (4.61), %

the term <0 U *V> Is defined in terms of the inner

product as



2 2 
.6

a a a u a u
f 1'0. 1'01V dd (4.62)

00 a y2  az2 a 2 1,0dd

- 1,a 1,a

a2  az
2  

jV dyd z .v
a- a z

20 2

+ ax f I 2  IV 2 dxdz
2 2 2,

00 ax az2,
2 2a U a u

I- - 2 3 
3 V dxd

2 2, 3,
00 ax ay

2 2

a f 3 f 1 4 u dxdy
00 ax 2  ay3c

A good overview of linear operator theory as applied t o

heat and mass transfer is provided in [47]. Applying

separation of variables, and defining the following

U =Y Z (4.63)
1,'0 1,0 1,0

U -X Y

U3,0 x3,0 Y3,0

U =Y Z
I a I's 1,a

U =X Z
2 ,b 2 ,b 2, b

U3 ,c 3, c Y3, c

The boundary conditions in the separated form is written

a s

*Y (0)z -x (0)z (4.64)
1, 0 1,0 2,0 2,0

1 Y 0 1,( 1 , 0  2, 2,

Y (a)Z -X (0)Z
1,0 1,0 2, b 2, b

Y (a)Z X (0)zol
1,0 1,0 2 ,b 2 ,b
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X (a)Z y 0 (OZ / ~'
2,0 2,0 1 ,a Ia

2 , 0 a Z 2 , 0  y (O0)Z z a.

x (a)Z -Y (a)Z
x 2,b (az2,b - l,a (a a I's

-x 1, ,0( ) - , M ,

Y Z (0) -x (0)Y
10 1,0 3,0 3,0

Y Z (a) X (0)Y

10 1,0 3, c 3,c

X 0 (a)Y 3  = Y z (0) a3,0 3,0 1 , a 1, a

x Ca)Y3  w y z (0)

X Ca)Y = Y Z (a)
3 ,c 3, c 1, a 1, a

-X (a)Y = Y Z (a)
3 ,c 3 ,c 1, a 1, a

X Z (0) mx Y (0)
2,0 2,0 3,0 3,0

-x 2 ,0 z 2, 0 = X3,0Y 3,0(0)

X Z (a) X y (0)
2,0 2,0 3, c 3,c -

x 0 Z 2 ,(a) X Y 3,(0)

x Y (a) X K Z (0)
3,0 3,0 2 ,b 2, b

x Y (a) -X Z (a)
3 ,c 3, c 2 ,b 2, b

-x Y (a) mX Z (a)
3 ,c 3 ,c 2 ,b 2, b

In Equations (4.64) , the prime indicates

differentiation. From Equations (4.64), it is apparent

t h at

- 2,0 2 2b m 3, c 3,c 2 (.5
S20 2 b X 3 ,c x 3 ,c

S, y I, a m 3 ,c - 3,..Lc.my2
yy y y

1 01 b 3,c 3,c

* 0

-o'-
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- I,0 z Ia z2, b z2,b - 2____

zIo zb z 2 ,b * ,

But it is also known that [471 pr lf

OU =X U (4.66)

Substituting the Equation (4.65), in (4.66), it is seen 4

that

2i + 62 X (4.67)
2 2

2 2
u+rj-

*2 2 2
Equations (4.67), Indicate that pi 7 6 * This

leads to the conclusion that

A 2- 2 (4.68)

Xb - 2 bo(1x + bbsin(Ix
-o C~ cos~px) vX)(.9

3, 3,0 2, 0 siU

b ,: b: 2: ,
3, = ,co s(v X) + ~ csin~ox) ..

3 0 3,0 3, 0~i11Y

a b
Y 3c 3 Cos(Uy) + ncsin(~zy)

y 1a C s(Iy)+ nb _i n(l

y ~a Cs( 1y + b sin(pz)
1a laco ~ ,a .

y , 3,2 0 Cos ( p) + 3,0 sin(pz)

a b

Z 2, ,coB(pz) + s 2 bsn ( pz

a b
. . . . . . . . . . . .. . . -. + si.. . . .
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Also from the boundary conditions it is known that

P1. zl c (4.70)
z2,

Zb

2,0 -c2

b - c3
, a

In Equation (4.70), c, ci, c2 and c3 are some constants.

Due to the conditions defined in Equation (4.64), it is

seen that

a a a a

1,0 1i~ .2n L , a 2,0 2,
b Cb b Cb z

1,0 1 ,a 2,0 2, b

ISimilarly for x,y it is seen that

a a a a
1,0 1 , 3,0 3, c k (4.72)

b b b b y
1,0 1 ,a 3,0 3 ,c5 a a~ a a
2,0 2 -3,- 3, k

b b b b z
2,0 2, b 3,0 3, c

Due to the simplification offered by Equations (4.71)

and(4.72), the assumed solution is written out as

U K (co0sP y) (4.73) . -

1,'0 1,0

+k sin~iy))Ccos(Pz)+k siniiz))
y z

U -K (cos(iiy)+k sin(ijy))(cos(ujz)+k sin(iiz))
1a ,a y z

U -K (cos( px)+k sin~iix))(cos(iPz)+k s in ij z)
2,0 2,0 x z -..

U -K (cos(iix)+k sin~izx))(cos~iz)+k sin( zz)z
2 ,b 2 ,b x z

U -K (cos( Px)+k sin(iix))(cos(iiy)+k s in p y)
3,0 3,0 x y
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U -K (cos(ox)+k sin(iix))(cos~py)+k sin(iiy))
3 c 3, c x y

In Equations (4.73), the terms K 1,1K1a '13,0 '

K ,K and K are constants to be determined.
I ,a 2, b 3, c

Using boundary conditions, it is seen that the eigen

values are

snp) 0 ie p~ T; ~-n 0, 1,2 ...... (4. 74) ~A.
a.

The constants are

K = K = K = 1 (4.75)
1,'0 2,0 3,0

and

K - K = K - ()
I ,a 2 ,b 3, c

It is also seen that another solution exists, for

X 0. This solution is obtained by solving

10 a + a y+a z +ayz (4.76)
1 0 1 2 3 4

U a +a y +a z + ayz
I a 5 6 7 8

U a + a x +a z +8 a Z a
2,0 9 10 1 1 12

U a + a x +a z + a x z
2 ,b 13 14 is 16

U a 17 a
3,0 17 18 a1 9y + 2 0X

U acin2 + a 2x + a2 3y + a 4 x y

In Equations (4.76) , the terms a ,a ..... are constants
1 2

to be determined. Application of boundary conditions.

shows

a = a =a9 a a a (.7
1 5 9 13 1 7 21(4 )

0
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The normalizing constant is calculated as [47)

For the constant term, the normalizing constant is

a a aa aa
N =ffdydz + ffdydz + ffdxdz (4.78)

00 aa 00 aa 00

+ ffdxdz + Jfdxdy + fjdxdy
00 00 00

For the cosine terms , it is

Ni- a 2 2
NI fjcos Ciiy)cos Ciz)dydz (4. 79)

00

aa 2 2
+ f f cos8 Uy )cos (u~z)dydz

000
aac

+ fcs2(jix)cos2(pz )dxdz
00

aa 2 2
+ ffCos (iUx)cos (iz )dxdz

00
a 2 20

+ ffcos (iix)cos (py)dxdy
00

aa 2 2
+ ffcos (iix)cos (iiy)dxdy

00

The terms are evaluated to b e

2
N -6a (4.80) .

and

2
NI =6a /4 (4.81)

The solution is now written out as

cc C -24A t

L -- + r -cos~py)cos(ujz)e t (4.82)
1,'0 N nIN I

mC -24.? t
+ nnL n - (I cos(Iiy )cos( I z )e t

Ia N N
ni 0

-70



p 103

S C -20a
L - -+ Z -2cos(1Jx)cos(1Jz)e
2,0 N n-i N I

C OC 2tt
L - - + E -I)n -cos(ux)cos(ljz)e t **'*

2,1, N n-i1N

Go C -2i1c t
L R + E -cos(iix)cos(vy)e t *3,0 N NI

C -2jicn tcsXc

L3c N + N (-v ~icsi~o .y e
C n-1

The temperature is obtained in terms of T from Equations

(4.82), by simply multiplying each of them by et

The solution in terms of T is given as

T Ce t(4.83)

Cc 4(j+0)a t
nt+ -- -cosiiy)cos(Pz)et

n N I

T R

C -( 214+a)CL t
+ r (-I)n -cos(y)cos(iz )e

n-iN
$at

T -
2,0 N R

C ~-(2ij+a)c t
+ -2cos(p~x)cos(ijz)e 2

Ni

aat
T2 ,b N R

c 2 P+

+ z ~ )~~ (Lx)cos(ijz)e

CD C -211J+a)a tt
+ -- cos(Px)cos~uy)e

n N I

C tT

+ nT (I) Icos(iix)cos(lpy)e 2
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In Equations (4.83), the constants C and C have to

be evaluated. These constants are obtained from the S -

initial temperature conditions. Let the initial

temperature condition, T0  be

0-

F F1,0 1 , a

10 = F 2 0  F(4.84)

F FI3,0 3, c
In Equations (4.84), the functions F are defined over

the respective regions of interest. The constant C is

evaluated as f ollows

aa
C f ff[F + F ldydz (4.85)

00 1,0 1,0
aa

+ f f F 20+ F 2,b]dxdz
002, 2b
aa

+ Iff[F + F Jdxdy
3,0 3, c

The constant Cl is obtained as

CI ff [F cos(iiY)cOoz) (4.86)

+ (FI) cos jiy co0s liz)]dydz

aaa

+ f f[F cos(pAx)cos(1Jz)
00 2,0 :-

n
+ F (-1 bIcos ix c o s ijz)]d xdz

a a
+ f f F cos(wx)cos(tuy)

3, 0

+ (-)Cos( px)cos( jjy)Id xdy

All the above constants are calculated over the inner

*~ %
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product. The calculation of the constants C and C1 are

written symbolically as <T ,U >, where T is the vector

denoting the initial temperature condition. To
* r. • .

incorporate heat sources, the constants C and Cl are

calculated from [47],

T2( T

f<QU >e d t (4.87)
0

In Equation (4.87), , is the representation of heat

sources in the body. This representation is similar to

the representation of the initial temperature field Top

* given in Equation (4.84). In Equation (4.87), the term -
-- S. .

is an integration constant.

The solution given in Equation (4.83) has

restrictions. The initial temperature conditions should -

satisfy the boundary conditions (4.51) . Arbitrary

initial conditions cannot be used. Heat sources have to

be located symmetrically on each plate. Also it is seen .-

that the solution can be written out in a convenient

form as

-cc t
C tT(x,y,z,t) -je + (4.88)

0 Cn -(21J+O)at t.. .. . .,-. "

N --cos(px)cos(ly)cos( z)e -
n-i N

The representation as given in equation (4.88), is -

possible because, cos(Pi), i " x,y or z will be zero at

n
i - 0 and will be (-1) at i - a. This concludes the

thermal solution. 4

V .... . . . . . . . . . ..V

., .. ° .. %

-... --....-. ----. ,....... - ........-....... .,-.... . .... .. ....
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4.4 Solution of Displacement in a Cube

The thermal field in a cube made of thin plates is .

presented in equations (4.88). Let u,v and w be the

displacements in the directions x,y and z. The boundary

conditions for the displacements equations are defined -.

at the 4 corner points on the base. This condition is

written out as (4.89)

U MV w W 0 (4.89)

at (0,0,0), (O,a,O), (a,0,O), (a,a,O)

The solution of the displacements problem is composed of •

two parts. One is the direct solution of the thermal

problem and the other is the solution of the isothermal

problem with the boundary conditions suitably modified.

For the problem on hand, it is seen that the

moments generated on each plate will be zero. Moments -.- i*

are calculated by [7],

h % °. :.":

Moment - J Tzdz (4.90)
-h -

In equation (4.90), h is the thickness and T Is the . .

temperature distribution. Evaluation of moments for T

(given by Equation (4.88), indicates that the they are

zero. Such situations exist for symmetric loading
.-.-.,-..,

conditions [7]. Under symmetric loading conditions the

main displacements will be inplane and the curvature of

the plate will be zero [7] Solution of the

. . . .S .- .
° 

." . . .
•

7 - .7. " ° °
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,. _thermoelastic potential is presented in equation (4.20)..

For the inplane stress problem, the equation (4.20) will 0
.-. : ( 1 + ,v)

hold, but the term (w - will be replaced by (I + v).
NV)

Equation (4.20) for a source free distribution in terms %

of T, is

t
,- (1+ v) a a .[ T ]dt (4.91)

e t 0

Substituting equation (4.88), in equation (4.91), it is

seen that the potential is written as (4.92)

t -$a t

(1 + v) aeat -e dt + (4.92)

0 2r
C =(2ij+)a t
n t
N- cos(px)cos(py)cos(uz)e dt

Without considering edge equilibrium conditions, the V,

displacements are given by .

u (4.92)
|ax

w 3-

Also for the isothermal problem, it is seen that

the displacements at the four corner points of interest

are satisfied. This completes solution of the

displacement problem. It is seen that the solutions

obtained are very restrictive and much more work has to

be done to model heat flow and associated displacement

problems in non cubic box type structures.

" - . -

'" -"" ~~~~~~~~~~......."......................... ...-"" -i'?',. .. .......
' * . ,* . -.*. " .'- * ' . .- ".. *._. " . _."* - _€ I _ _. _ - , . - _



CHAPTER 5. EXPERIMENTAL WORK

5. 1 General .- ,- -. _-

-- oo- .-

This chapter is primarily concerned with

experimental work. The type of experiments conducted, "':'''''

r e s uIts obtained as well as the comparison of.-".,.."

experimental and numerical work will be discussed in , .. •.

rr .. ' . ° *

this chapter. Essentially a numerically controlled..;,

machine tool is taken as a test machine. The machine ,'- '-.

used for experimental work resembles the one shown In •

Figure 1.2. The idea is to see if the theory built up".. .

till now will hold under experimental conditions. The ... :.

main intention of the experimental work is to see if _E

f~J *.. - . o-

-- ~~thermal effects on the accuracy of machine tools can be.'-... -

- -. -o'4t °

%-' predicted by monitoring the temperature of a few points -.''-

,a,. located on the machine tool. Errors of interest are the _

geometric and kinematic errors of each of the axes of ..'-.

a."- . -

the machine tool. Of the errors studied, three are ,. .:

linear and three are angular. In all eighteen errors

have been measured and studied. At the onset It should '-

.-" be mentioned that the straightness errors as measured '-'...

are different from errors that are computed by the

• '" methods of Chapter 3. In Chapter 3, computed errors are .-.

V%

CHATER5. XPEIMETALWOR

r . ::5.1-General
/,' , . . . . . . . . . . . . .. " '- " ,

::-'-- -'- - -':-'-:- "-'-', '-.-. . -. • - ."--,-,.' '.-.-.'.% 7. - -2 :,L-, . - 5-.-,..-.- - '., .' ',,'- .,''-,''-'-.' ",. ,
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not corrected for slope. Slope is the angle associated

with the error. It is a measure of the rate of change •

in error with position. Measured errors on the other

hand, are presented without this slope component. This

is in accordance with the recommendations of [52]. It

is also apparent that this slope is a measure of non '. .

orthogonality. In fact squareness error is measured

based on the difference of the slopes of two -t

perpendicular axis [52].

Broadly speaking, the chapter is split into two

parts, the first is concerned with the measurement of

machine errors and the other is comparison of numerical

and experimental work. Finite element methods are used

here again. The prime motivation is to see if

experimental results can be duplicated with simple

numerical techniques. An excellent review of testing the

accuracy of numerically controlled machine tools is

presented in [45]. For thermal effects on machine tool

accuracy, Mc Clure s thesis [20] is an outstanding piece

of work. 5

5.2 Equipment Used for Measurement of Machine Tool

Errors

All experiments are designed to measure the effect

L f temperature on machine tool errors. A plan of the

experimental setup for the measurement of thermal

. .... .: :-.. .-..-.-
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effects on the accuracy of a machine tool is shown in '

Figure 5.1. The instrumentation used is divided into * 4

two parts.

I. Measurement of temperature

2. Measurement of Errors.

It is known that heat sources are classified into two
* 4

-' types, external heat sources and internal heat sources.

The environment is probably the largest external heat

source. The machine is in large room and is not exposed

to direct sunlight. Unfortunately the room has no

facilities for control of room temperature and this has

mixed blessings. On one hand, the environment is
* 4

representative of what can be expected in a typical FMS

(flexible manufacturing system) and so measured errors

are indicative of what can be expected for typical
* 4q

situations. On the other hand, there are no easy

techniques to separate the effect of internal heat

sources and external heat sources. The temperature of

the room is measured by placing four thermometers at

four locations around the machine. Resolution of the

thermometers is one degree Centigrade. Based on

experimental evidence, it was found that the variation .

in room temperature over time was about one degree

Centigrade.. .-.

: -.- *_ 4
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* II

Compnsao

Automatic
compensation

MachineI
Tool 

_ae

Dspl-Acement _•.+

Thermal Readings Disp> cemnt

HP 9816 Mini To "
VaxAcquisition Vx

Fig. 5.1 Experimental Setup _0_
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Internal heat sources are motors, pumps, heat

generated by friction (due to motion) etc. Thermocouples -.-.--

internal heat sources. Copper constantan type '-A =

thermocouples are used. The range of temperatures

expected from machine tool activity falls well into the

range of linear performance of the copper constantan .

thermocouple. Thermocouples used are of the shielded _

variety. Shielded thermocouples are used to cut down

external noise. Noise may be an issue because some of *-. -.

the thermocouple leads are as long as 40 meters. .

Measurement of thermocouple voltage is performed by a

Hewlett Packard data acquisition system (3497 A). The

system measures voltages using a digital voltmeter and _

it has a twenty channel relay multiplexer assembly. The

multiplexer assembly has an isothermal reference block.

The isothermal reference block permits the possibility _

of using different types of thermocouples in a single

" multiplexer assembly. Measured voltages are converted to

temperatures by a program that resides in the mini S

computer shown in Figure 5.1.

Temperatures of fifty five points on the machine

are measured using thermocouples. Location of these

measured points are shown in Appendix 2, Figures A2.1,

A2.2 and A2.3. Tables A2.1, A2.2 and A2.3 in Appendix 2

relate the location of each thermocouple to a specific

o.
*o
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point on the machine tool. From Tables A2.1, A2.2 and

A2.3, it is seen that each heat source has a

thermocouple placed on it. Remaining thermocouples are

distributed almost evenly on the machine. The

thermocouples are glued to the machine by high

temperature epoxy. The epoxy holds the thermocouple

bead to the machine tool and has very high thermal

conductivity. The other approach is to embed the 0

thermocouple bead in a hole. The second approach should

offer higher accuracy because the bead is less exposed

to the environment. The standard limits of error for .

the copper constantan thermocouple (type T) is +/- 1

degree Centigrade, based on manufacturer's reports. The

data acquisition system accuracy, based on manufacture's

reports is better than half a degree Centigrade. A hand

held digital thermometer has been used to check the

accuracy of the data acquisition system.

Errors of interest are measured using a Hewlett

Packard laser measurement system and an electronic level

from Federal Products. The laser measurement system

consists of a helium-neon gas laser and additional

optics for the measurement of individual error

components. The optics used depend on the type of error

in question. For example, remote interferometer, corner

cubes and reflectors are required for measurement of

positioning errors. A detailed listing of additional 

-:. -.* .
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accessories required is available in the Hewlett Packard

Laser manuals [52]. The laser system is capable of 0

measuring better than 0.5 parts per million. This value

compares favorably with the best physical standards

available and is certainly acceptable for machine tool

calibration [411. Due to variations in the environment

and due to random vibrations, it is expected that the

accuracy of the laser system will be of the order of 1 0

micron or better. Fnr measurement of angular errors the

laser system has a resilut Ion ot one tenth of an arc

second. do

Laser wavelengtn depends on the environment and so

suitable compensatlin 1, necessarv. Correction for

variations in envirunme~it. (nd it ions i s achieved by

using an automatic ml eT.dt *n, device. The device has

sensors for measurement 't a mbhie nt conditions. The

conditions f Inter. .t r- r uom temperittire, barometric

pressure and relative humiditv. The process of

compensation Is automdt I. The automatic compensation

system also has sensors t r measuring the temperature of

the machine being calibrated. Using measured

temperatures, the compensation system corrects for

expansion or contraction of the machine. In all the - S

experiments, compensation fir machlie expansion has not

been included. The reason for not doing this is to

establish a reference temperature. In the absence of 0 -

* 0

. ... . . . . . - . " . . "
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compensation for machine expansion, the laser assumes - ,

that the machine is at 20 degrees Centigrade. This is

relevant because automatically a reference temperature

is setup. Also it is known that the temperature field

is three dimensional and so it is not possible to

correct for expansions or contractions caused by a three."7'"

dimensional thermal field based on 3 or 4 temperature

readings.

Measurement of roll is not possible using a laser

system. It is accomplished using an electronic level.

The level used is from Federal Products. Two levels are

used in a differential mode. A differential mode is

adopted to cancel out the effect of vibrations. The

level has a repetition accuracy of better than half an

arc second. The resolution of the electronic level is --

half an arc second. Here again while performing the

experiments, the lowest resolution is not used due to -

external noise. The estimated accuracy of the level is

about 1 arc second.

Figure 5.1, shows a schematic of the experimental

setup. The experimental setup Is controlled by a

Hewlett Packard 9816 mini computer. The computer is

interfaced to the data acquisition system by a HP-IB

cable. The 9816 is connected to the display of the laser

by a BCD interface. Collection of temperature data is . "

independent of laser data. The 9816 has the capability

..................................................
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for up-loading data collected in a experiment to a Vax

11/780 for the purpose of further analysis. Collection

of roll errors and room temperature data is manual.

5.3 Experimental Conditions

The test system has three basic features [45]:

I. It is a non-machining system of tests which can be

called "tracing of a universal master part"

2. It assumes that individual sources of error and

their effects can be, to a reasonable extent,

isolated and systematically combined.

3. The tests are formulated from a user's point of
* 0;

view and not from a builder's point of view.

Each of the above features need to be explained.

Broadly speaking, testing of machine tools can be split

into two classes. They are cutting tests and geometric

tests [20]. Both tests provide information but neither

are conclusive by themselves. It is not possible to O

include all types of conditions in cutting tests and so

generally it is very difficult to use such tests for

identification of error sources. Further cutting tests O

depend on cutting conditions and fixturing methods and

these effects are related to the size and shape of

workpiece. Hence it is very difficult to assess what can

be optimally achieved [451.

o o0
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In support of geometric tests, it must be said that

they provide information on the sources of error within

the machine but are not indicative o f the type o f

process present while cutting. Geometric tests however

p provide indications on the tolerances that can be

achieved by machine tools. From geometric tests, the

user knows if a particular machine will meet a certain

S tolerance or not [201. Besides this distinction, it is

important to keep in mind the type of conditions under

which t he machine would be required to meet specified

tolerances. For example in precision machining (the type

under study here), it is known that cutting forces will

be almost negligible. This is because precision

machining is generally done at high speeds and low. . . . .

f eeds. Under conditions of high speed and low fe ed ,

cuttin gforces are generally low and heat generated in

the cutting process is taken out by the chip.

In feature 2, it is desirable to know if individual

effects can be separated and subsequently superimposed.

The main question is, how many of the effects are

staristical and how many can be explained using existing

knowledge [45]. Of the errors that are under study

here, it is known that all of them have both statistical

components and systematic components. The

identification of the systematic components is important

fo s.f.-a- c e--.d-,
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experience it is known that the statistical components ..- -

are relatively small [451.

In feature 3, all tests are from a user's point of " .

view and not from a builder's point of view [45]. The APA . .O . .
user has different requirements from the builder but

both of them are related in one form or the other. The

whole test has to be conducted so as to consider the

errors of the workpiece resulting from the errors of the

machine tool motions. To illustrate the distinction

from a builder's point of view, instead of checking

straightness of guideways, straightness of motion is

checked [45].

Geometric tests have to be capable of measuring _ O

effects due to spindle rotation. This is because it is

known that heat is generated at spindle bearings, and

this has to be considered for evaluating thermal effects

on machine tool accuracy. However, the optics associated

with the laser system cannot be mounted in a rotating

spindle. To account for this additional heat, the

machine is heated by artificial heaters. The artificial

heaters are placed below the spindle bearings.

Broadly speaking, the approach used here is to

split the machine into subsystems, each of which have

definite and measurable properties that relate to the

- accuracy of the machine. The above approach has been -

%......
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%

used by many people in the past [20]. For the machine

under study, the sub systems are the three axis of the V

machine, x, y and z, Figure 1.2. Each subsystem is

composed of positioning elements and a slide way for the

purpose of positioning and guiding the slide. Associated

with the positioning elements is the positioning error,

while associated with the slide way are straightness

errors (horizontal and vertical) and angular errors 6 -

(pitch, roll and yaw).

The approach is illustrated in Figure 5.2. The

workspace of the machine is divided by 3 lines A, B and

C. These three lines are mutually perpendicular to one

an /other. Six errors are associated with each of these

... ~lines. Three of them are angular and three of them are.....-"-.

linear. The objective is to measure each of these six 

errors along all three lines. The table on the z axis

of the machine is used as a reference surface for the

purpose of locating the three mutually perpendicular

axis A,B and C. All errors are measured with respect to

a single spot on the table. This spot is that corner of

the table closest to (0,0,0) of the machine, Figure 5.2.

All errors are measured with respect to a single point

on the machine tool table to reduce the possibility of

additional errors being introduced in the measurement.

0" Additional errors are possible due to lack of

straightness of the table itself.

...................... N
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Three factors are important while thermal accuracy

of machine tools are studied [20]. They are .-

1 . The thermal environment

2. The affected structure . j,

3. Operating procedure

The thermal environment is composed of all heat sources.

As explained earlier, heat sources are generally

classified into two types. One type is those heat -

sources associated with the machine tool itself and the

other is heat sources associated with the room. It

should be realized that the room itself is probably the

largest heat source. Under ideal conditions, the machine

would be expected to work in an environment that is at

20 degrees Centigrade. Any change from this would cause

the machine's characteristics to change. While such a

requirement is ideal, it in generally not possible to -

hold such conditions except with temperature controlled

rooms. For the experiments conducted, the machine is in

a room and the temperature of the room is monitored

using four accurate thermometers placed around the

machine. Because the machine is not exposed to sunlight

and based on the experimental data collected, it is seen

that the variation of room temperature (over time) is

about one degree Centigrade. As explained earlier,

temperature of the machine is measured by placing

.. ..,,,,.-. .. .. ..., ..-. . . - . .. - .- ... . ... . , . , .- .--. ..-. ..-.-. -. + . . .. . _... . .. -. -... ..,.-. .:,
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thermocouples on the structure of the machine.

The process of heating affects the structure which

causes the geometric error to change. The purpose of

each experiment is to evaluate the effect of change

caused by temperature. The operating procedure affects

the process of heating and so this is an important '-,'

factor to be considered.

Each of the eighteen experiments conducted lasted

for 10 to 14 hours. During this period, the machine is

sent through cycles of heating and cooling. The process

of heating and cooling causes the structure to change ."-

and these changes present themselves as measurable - .-

errors. Each error is measured at as many points as

permissible, because the optics take up space. Also, it -

is not advisable to measure near the end points of
'.' " .' ° "

travel. Simultaneously thermal readings are taken.

Typically each reading consists of a set of temperature

measurements and a set of error measurements. The error

readings are repeated at least six times at each point

of interest ( three times up and three time down). All

statistical data is based on bidirectional error

measurements. Bidirectional error measures include the

effect of hysteresis.

During each experiment, once the laser is aligned,

it is not turned off. The reason for this is to measure

S ••"

---------------.. o.
. . . . . .. .--
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the cumulative effect of temperature on error. As V.U0
explained, the laser has a temperature compensation

system. Part of the temperature compensation system is

to measure the temperature of the body under study. For

all experiments, the material temperature compensation

is turned off. This is done to establish all errors with

respect to some temperature datum. The datum selected is

20 degrees Centigrade. This feature is preset in the

system. All errors are measured relative to some

specific point (fixed point). Each of these fixed

points are specified in Appendix 3, where experimental •

results are presented. It is known that both fixed point

and measured point move, and the objective is to

determine the relative displacement or rotation. The

relative displacement or rotation is a measure of the

- error. For further reference on the laser measurement

system please consult the appropriate Hewlett Packard

manuals. All experiments have been conducted as per

recommendations of f52].

5.3.1 Additional Sources of Experimental Error

Of the possible errors of measurement, temperature

errors have already been discussed. Errors of the laser

system and the electronic level have also been

discussed. Other errors include vibrations present in

the machine. While performing a straightness test on

the y axis, it was observed that the vertical

-""-'--
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-,straightness at any point on the axis fluctuated by '''-%-

about 2 to 4 microns. The source of the vibrations was

established as the lubricant pump. The vibrations were ,4-.
reduced by changing the length of the reflector holder.

It iS also felt that the method of measuring,.._- _

straightness, especially those associated with the ,".,*'

vertical axis is extremely complicated. Simpler methods .

for measuring such errors need to be developed. Roll on

the vertical axis (the y axis) is a problem. The

electronic level cannot detect out of plane rotations on

a vertical axis accurately. , --

Fixturing the optics on the machine is a problem. ,'. .

The fixturing should be such that it should prevent ..

rotations or displacements and at the same time it

should not scratch or harm the optical components in any

way. The ideal is make the optics an integral part of " "

the machine components being calibrated.

5.4 Experimental Results

Before experimental results can be presented, error

characteristics have to be disussed. A typical error

plot is shown in Figure 5.3. With regard to this error

plot, certain terms have to described. The terminology

described in this paragraph will be used through out the

discussion in sections 5.4 and 5.5. Drift is as shown

in Figure 5.3. The cause of drift not always clear,

... ..... . . . . . . ..
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although it has on occasions been traceable to lack of .6%

balance in the null-circuit of the machine system. 0

Whatever the cause, the main effect has been to increase

the observed dispersion [121. Hysteresis (lost motion,

dead zone) is defined in terms of the difference between O

the right and left approach means at any given point

[12. Hysteresis is shown in Figure 5.4. Pitch errors

of the lead screw are directly related to the pitch of

the lead screw and these are prominent for short ranges.

Lead screw pitch error components are present only in

the case of positioning accuracy.

All experimental results are presented in Appendix

3. For the purpose of discussion, errors are classified

into two groups:

I. Positioning errors

2. All other errors

The reason for the above classification is apparent on

referring to Figures 5.5 and (5.6). Figure 5.5 shows the

standard deviation over time of a positioning error and 0

Figure 5.6 shows the same for one of the other errors.

It is apparent from Figures 5.5,5.6 that the standard

deviations of the positioning errors vary dramatically. S _

All errors, other than the positioning error exhibit , .

small variation of standard deviations. Standard

deviations of all errors are presented in Appendix 3. 0 O

* o
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5.4.1 Discussion on Positioning Errors

Positioning errors are a result of motion of the -

slide on a lead screw. The positioning error is caused

by a misused concept of metrology. The idea of using a

screw to measure as well as to clamp is against all

principles of metrology. However it Is an accepted

practice among machine tool manufacturers to use a

single lead screw for multi purpose activities. This

situation does not exist in lathes where a separate

screw is used for thread cutting.

From experimental data, it is seen that positioning

errors are very prominent errors in terms of magnitudes

and the effect of temperature on these errors is very

high. Positioning errors of all three axis x, y and z
,.-. ,. ).--

show identical characteristics, namely large standard

deviations. This characteristic makes it impossible to

predict this error by the use of statistical techniques

of chapters 3 and 4. The reason for this characteristic

is due to an extremely active heat source associated

with the nut on the lead screw. The problem is all the

more complicated because the heat source moves. Some

work has been done on the prediction of positioning

errors [441. The approach taken in [441, is to model the

system using moving heat source principles. Operating

characteristics are also a part of the prediction " .

process. Bearing preloads are also considered in the

. .. . . . .
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analysis of the lead screw of the machine. -

It is felt that there are quite a few alternatives

to solving the problem of positioning errors. One

solution is to develop theoretical models as discussed
Sn 44 Although this approach is feasible, boundary,."

conditions are a problem and accurate determination of

heat transfer coefficients will be difficult......

A different idea is to use an external measure for

the evaluation of this error. This technique has been

proposed in [461. The idea is to mount accurate scales S

on the machines and use these for measurement of the

- positioning error. Other techniques are to use lasers as

at Lawrence Livermore Laboratory [41]. Reports are S S

available [43], where mention is made of an attempt to

correct for thermally induced errors at Kerney and

Trecker machine Tool Company. 0

An attempt has been made to predict thermally

induced errors in the lead screw. The results are based

on measured values of error. It is known that

positioning errors have several components. These

components are listed as ,

I .Pe i-i E r o h-s

1. Periodic Error of the lead screw

2. Hysteresis Error of the lead screw .-::::. ,

- : - . " ."- --"-. - -"' -'"-- -" .--" .''--.'''-- "'.. " -.? :-- " i'- ".'-.':'. -) --):5 '" ''? ? ')'S ---.'S
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3. Thermal Error of the lead screw

4. Scatter

It is known that for the machine under consideration,

the resolution is 0.0001 inches (2.5 microns). Due to

this limitation it is not possible to position better

than the above said number. In the method proposed, the

cumulative average error is predicted based on a single

temperature value. The average error is the mean of the

bidirectional errors at a point on the axis. The

cumulative error is the sum of all the error components --.

listed above. The method is the simplest form of

prediction and makes use of the following equation.

Error = * L * (T - 20) (5.1)

In Equation (5.1), e is the coefficient of thermal

expansion, L is the location of the point at which the

error is measured, and T is the temperature of the nut.

(T-20) is used in Equation (5.1) due to the reference

temperature principle explained earlier. The prediction

capabilities of the Equation (5.1) is shown in Figures

5.7,5.8,5.9. In all the following figures, test refers

to the test numbers of Appendix 3. In all the Figures

5.7,5.8,5.9, thermal drift has been corrected.

Correction of thermal drift is performed by setting the

value of the error at the zero scale position to zero

and making corresponding changes at all other points. It

is seen that the prediction is quite good. It should be

* 0
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noted that the data in Figures 5.7,5.8,5.9, show the

prediction capabilities for later time periods. In the

initial time periods (near start up), the predictions do .'.. .

not seem to be good.
.. : .-. .'....

Certain features need to be discussed here about

this method of prediction. The method is not capable of "

predicting thermal drift. To predict drift, some other

external reference will be needed. Use of a tool

setting station is recommended for this purpose. An

alternative to a tool setting station will be a,. 9-., 
metrology pallet as described in [53]. A feature

necessary for prediction of this error is the building

of a duty cycle based model. The need for building a -

duty cycle model is because of the large standard P-

deviations associated with this error. It is seen that

in spite of the good prediction offered by Equation

(5.1) (on the mean), experimental results indicate that

the lead screw expands by as much as 2 microns on each -1

traverse. Experimental results to support this point

are shown in Table 5.1. Results in Table 5.1, are for -

the y axis of the machine. The measurements are taken

only at the end points of the said axis and time between

readings is almost negligible. The speed used in this

experiment i s 3000 mm/mmn. It is seen that the error

increases by as much as 2 microns for each pass. The

error reduces by as much as 10 to 15 microns, 10 minutes - ,

•.....................................,,.:..
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Table 5.1 Expansion of Lead Screw (microns)

pass pos. at 0mm pos at 484 mmN

1 21.36 88.30

2 20.75 89.42

3 20.51 90.28

4 19.83 91.80 -

5 20. 3 192.04

6 20.72 93.22

7 21.30 93.60

8 21. 1 94.35

9 22.0 95.15

10 21. 75 95.80

20 24.26 100.30
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after the motion is stopped. This characteristic is

very disturbing and so there is a need to develop duty

cycle based models in addition to the prediction offered %

by Equation (5.1).

5.4.2 Other Errors

The other errors are those associated with slide

ways. These errors are straightness errors and angular

errors. The method used for prediction of these errors

is a statistical one, similar to the one used in Chapter

3. Results of the statistical prediction capabilities

are shown in Figures 5.10,5.11,5.12. Figures

5.10,5.11,5.12 show that the errors are predictable. All

the Figures 5.10,5.11,5.12 are predicted against

measured values. All comparisons are for test set 5 of

each error except y axis vertical straightness. For y .-

axis vertical straightness, the comparison is done for ,.

test set 6. Please refer to Appendix 3 for experimental

data. Also it should be noted that the data used to

compare regression results with actual results has not

been used in the determination of the regression

equation. The predictions are on the mean and to get the

actual values, constant offsets are to be used based on

hysteresis. Exerimental results show that the hysteresis

,rq .
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is relatively constant over time. It should also be

noticed that some of the errors are relatively constant. a
The effect of temperature on these few errors is small. -

This feature is typical of errors in the z axis.

Thermal effects are lower because there is only one heat 0 ..

source on the z axis. Hence some of the errors are less -

affected. .

Of interest is to determine how errors in the

workspace of the machine reduce due to prediction by

regression equations. To determine this, the techniques

developed in Chapter 3 are used again. Measured values

of errors are combined in the workspace of the machine

and these are compared with values as obtained from the

regression equations. The difference between the two is

an indication of the error. In case 1, the position

errors are not included. In case 2, the position errors

are included, with prediction of position error by

Equation (5.1). In case 2, thermal drift in not ' .* .--

considered for position error. The results of case I is ..-...

presented in Table (5.2). Table (5.3), shows the error . .

as predicted by using regression functions. Table

(5.4), shows the volumetric error with position error

considered. Table (5.5) shows the same error as Table

(5.3), but the position error is predicted by using

Equation (5.1). It should also be mentioned that values

computed for the (0,0,0) point do not have any error 9

om**. o oo;;~1:1 o ooij noi.i~
---------- j.•;&: K.K
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components. This is because it is not possible to wb %

measure any error at this point. Figure 5.13, shows the

V results. Table 5.6 shows the tests (refer Appendix 3) "

of individual error components used to determine the

workspace error.

The experiments conducted prove without a doubt

that thermal effects on eighteen errors of a particular "=..

machine tools can be predicted by using simple

regression equations. This conclusion should hold for

all machine tools of the same class (at least). This

does not conclude the work needed in the area of thermal

effects on machine tools. Much more work has to be done

especially on squareness errors between the three axis.
1 0

Squareness errors and errors of parallelism were not .-

measured. It is suspected that simple regression

equations can be obtained for prediction of squareness ;.

errors and errors of parallelism.

5.5 Prediction by Numerical Methods

A statistical method for the prediction of errors

has been presented in the last section. The problem

associated with statistical methods is that the

prediction is valid only within the observed ranges of ...

the independent variables (in this case temperature). In

order to obtain reliable results one would have to

perform experiments over a very wide range of

•.........--....-.....-........ ................. .......-..................-............-..-..
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Fig. 5.13 Volum~etric Error,

Actual vs Computed
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Table 5.2 Error of Work Space, Experimental .

Work, No Lead Screw Errors

K 0 poe z pos err x err y err z

0. 0. 0. 0. 0.

0. 0. 66.00 41.34 -154.74 0.

0. 66.00 0. 40.88 0. 155.43

0). 66.00 66.00 74.60 -174.78 180.38

66.00 0. 0. 0. -1.23 47.28

66.00 0. 66.00 -13.37 -136.74 58.57

66.00 66.00 0. 32.56 -4.63 191.10

66.00 66.00 66.00 11. 57 -160.16 227.33

A. -0 -
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Table 5.3 Error of Work Space, Computed,
by Regression Equations No Lead Screw Errors

X pos y p05 z pos err x err y err z

0. 0. 0. 0. 0. 0.

0. 0. 66.00 46.15 -120.63 0.

0. 66.00 0. 45.02 0. 11 b.40i

0. 66.00 66.00 76 .18 -140.10 141.24

66.00 0. 0. 0. 0.95 49.20

66.00 0. 66.00 -11.01 -101.06 I55.24

66.00 66.00 0. 33.47 0.95 163.97

6.0 66.00 66.00 7.48 -120.53 192.81



146

Table 5.4 Error of Work Space, Experimental
Work, Lead Screw Error is Considered

xpos y po pos err x err y err z

0. 0. 0. 0. 0. 0.

0. 0. 66.00 41.34 -154. 74 108.29

0. 66.00 0. 40.88 68.11 155.43

0.66 0. 66.00 74.60 -106.67 288.67

66.00 0. 0. 64.49 -1.23 47.28

66.00 0. 66.00 51. 12 -136. 74 166.86

66.00 66.00 0. 97.05 63.48 19 1.1 I C

66.00 66.00 66.00 76.06 -92.05 33 5 .6
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Table 5.5 Error of Work Space, Computed,
by Regression Equations, Lead Screw

Error Is Considered

x pos y pos z pos err x err y err z

0. 0. 0. 0. 0. 0.

0. 0. 66.00 46. 15 -120.63 99.39

0. 66.00 0. 45.02 84.41 1 18.40

0. 66.00 66.00 76. 18 -55.69 240.63

66.00 0. 0. 81.56 0.95 49.20

66.00 0. 66.00 70.55 -101.06 154.62

66.00 66.00 0. 1 15.03 85.36 163.97

66.00 6.00 66.00 89.04 -36.12 292.2
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Table 5.6 Error Components used to Determine '.. Op

Work Space Errors -
0

Error x axis test y axis test z axis test ,.

Position. 10 6 6 .dZ3d

Ve r t. St . 5 6 5

Horz. St. 5 5 5

Pitch. 5 5 5

5aw 5 52

* 0 6

* 0 *
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conditions. To overcome this problem, a numerical

solution is proposed. The approach has been tested only

for the x and z axis. ,.

The general approach for the numerical solution is

presented in Figure 5.14. The technique uses finite

elements to determine the temperature field of the

machine based on the temperatures of a few measured

points. The inputs to the finite element program are

the structure and the temperatures of the measured

points. The finite element program calculates the

temperature of the remaining nodal points. The

structure is the same as in Appendix 1, Figures A1.1 and

A1.2. The only difference is the thickness of the

structure. The present structure has a wall thickness

of 1.9 Centimeters (0.75 in). Internal plates are the

same as before. For the elasticity problem, SAP 5 is

used again. Instead of solid elements, all elements in

the present formulation are plate elements.

Error calculations from the distorted structure is

the same as was used before, in Chapter 3. Straightness

errors are corrected for slope, in a manner similar to

that done in the experimental work. As mentioned before
O

in Chapter 3, there are fundamental differences between

measured errors and calculated errors. The basic

difference is that in the calculation sequence, all

*- errors are calculated with respect to a nice undistorted -

..
°  

-- ° .°.

J .. . - S ... . . .. . .. l ~ f ~. A . .
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structure. The calculated errors are in a sense .

absolute. The errors as measured are relative to some 0

specific point. This immediately creates problems

because the relative displacement or rotation between

two points is measured as error. There are also problems

regarding built in errors of the machine. Without ,'

experimental work, built in errors can never be

determined. Built in errors are typically related to 0

the process used in the manufacture of the said machine.

They are also caused by improper assembly procedures.

In spite of the above problems, a model has been

developed and it will be presented. As explained before

the model is based on a finite element approach.

Machine tool inaccuracy is written out in a linear form

as follows:

[Total Error(i)] = [Built in Error] (5.2)

+ [Thermal Error(i)]

The thermal error component of Equation (5.2) is given

b y

[Thermal Error(i)J [Thermal Error(i-1)] (5.3)

+ Drift + (Some Component].- '

In Equations (5.2,5.3), error is referred to as a 4

vector. Vectors are distinguished by box brackets and

[Error], is used in a generic sense to represent all, ..-

errors other than the position error. Vector in this •

~ :~.'. , -.j.-. '.
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context means that associated with each point on the . ,

axis of the machine tool, is a particular error value. •

The set of error values corresponding to the whole axis

of the machine is [Error]. In the above equations, i,

refers to time. Essentially Equation (5.3) says that at

all points in time, error vectors are identical to one

an other but, they differ by drift, which is a scalar

and some other component. This additional component is 0

also a vector. [Built in Error], of Equation (5.2). is

also a vector.

*
The finite element approach is used to explain the '

errors induced in machine tools. Estimation of angular

errors and straightness errors have been attempted by

the finite element approach. Let [E(i)], be the error

at time i), [E(i)], is a vector in the sense explained .

before. [E(i)] has a set of values which corresponds to

errors at specific points on the axis of the machine

tool. [E(i)] has been evaluated at some state T().

T(i) is the temperatures measured by the thermocouples ..-. ,- ._

on the axis of the machine. Let [M(i)], be the measured

value of error also at temperature T(i). Now built in 

error of Equation (5.2) is obtainable as

[Built in Error] - [E(i)J - [M(i)J (5.4)

Drift as explained, is scalar and it can be removed

easily. This is done by setting the error associated

with the zero scale position to zero and by making

* 4~. . . . . . . . . . .-- o-* ."..*.

-. .. ,. .... ... . - . . -.......-. -.. .- .-. - .- . a. .- -. . : -:-: .: .. . .: -:. . .- :. ..- : -..*: - .- . -.. :-:.. .: : . ,: : :.... - ... .. :- - :: :: :: : :: : :: : :::
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corresponding adjustments to all the other readings.

Errors as obtained from finite element methods are

compared to measured errors for the x and z axis. The y I..

axis is not studied because of the complex structure and 2e

also because of the moving heat source (the spindle) .

associated with this axis. On the z axis only two of .-.-..

the errors show significant changes with temperature.

These are pitch and vertical straightness. So -

comparisons have been made for only these two errors.

On the x axis, only three of the errors have been ..

compared. The three errors that have been compared show p ..

appreciable change with position on the axis. On the x

axis, roll and horizontal straightness errors have not

been compared as they are relatively constant for

variation in position. The reason for this will be

explained in the next few paragraphs.

Comparison of numerical and experimental results is

done on a error by error basis. This is because thermal -- '

fields are not exactly the same for any two different "--

errors. The first step is to determine the built in

error vector based on a specific temperature using

Equation (5.4). Having evaluated the built in error,

the errors are recomputed for a different thermal state.

To this new error vector, the built in errors are added.

The so computed error is corrected for drift and .

compared with corresponding experimental results. The

,p .'- -\-'

• . . .. . . .. .... . . . . . 7 '. .... ,..,
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experimental results are also corrected for drift.

Drift correction is done as it appears that the finite

element models used here are not capable of calculating

these values.

It has already been mentioned that the measured ..- .

errors are relative. With this in mind an attempt has - -.

been made to compare numerical results with experimental

results. The error in question is the vertical

straightness of the z axis. Figure 5.15 provides an

indication of the process. Measured values of vertical .'.Y ..-
•

straightness errors are as plotted in Figure 5.16.

Figure 5.17 shows values as computed at the guideways,

no offsets have been included and the values are for the

same range of motion as the experimental values. it

appears that there is no correlation between the two.

The missing component is drift. Keeping in mind that t.

the laser is measuring the relative displacement between

two points, a measured point and a fixed point,

correction is necessary for numerically computed values.

The correction required is the displacement of the

fixed point. Displacement of the fixed point is

obtained by -.. . ..

Displacement L * * (room temp - 20) (5.5) -.

e

L in Equation (5.5) is length shown in Figure 5.15.

When corrections for displacement of the fixed point are

made it is seen that numerical and experimental errors

.. . . .. . .. . ." . . .-. ,. .. . ,. - : ,,,, - , .. . •.. . .., .. . ., . ... . .,... . ...... ..... . . . .. _. . ,.,* • .,. ., ,...,, .. ,*.. . . _,.. :
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Fig. 5.16 Vertical Straightness from Experiment,
z axis ..
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are reasonably accurate for the computed cases, Figure

5.18. In Figure 5.18, the computed errors have also 0

been corrected for angular errors on the z axis, using

methods of Chapter 3. The offset calculation is given

in Equation (5.6),

Vert.St. Computed Vert. St. at guideway (5.6)...

+ pitch * offset in z + Roll * offset in x

As roll is relatively constant in z, the roll component -.

is not included. Also it should be remembered that the

x offset in Equation (5.6), is constant, it does not

change in the experiment.

The above method Is relatively easy for

straightness errors, but evaluation of rotations for the

fixed point is not easy. For example, in the case of z

axis pitch error, the fixed point is on the spindle.

Rotations will occur only if there are thermal gradients L

between the sides of the spindle and evaluation of fixed

point rotations will be very difficult. It is due to

such complications, that the finite element procedure

for evalutation of errors has not been extended. However

the comparison for numerically computed errors and

experimentally measured errors are presented in Figures

5.19,5.20,5.21,5.22. All errors are corrected for drift

and are shown for the same range as measurement. For

the x axis, it is seen that roll and horizontal

straightness do not change with scale readings. Due to

* ;- 0 :;-
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this reason, computations have not been performed for -.-

these errors. - 0

Much more .4ork has to done to estimate the exact

relationships between numerical and experimental work.

It is felt that the relationships may work out to be

relatively simple as in the case of the vertical

straightness of the z axis.

This concludes the work done. The next sections are

conclusions and ideas for future research.

9 5.6 Conclusions

Broadly speaking, thermal influences on machine

tool structures should be approached from two view

points. One deals with the design phase of the machine .

and the other is concerned with the software

compensation process. The design phase deals with the

analysis of a new machine and techniques discussed in

Chapters 2 and 3 would form the basis of such an

analysis. Software compensation aspects are discussed

in Chapter 5. The two problems of design and software

compensation are interdependent. It is obvious that

good design will reduce the need for software
* 40

compen-ation. Software compensation should be viewed as-

a means of reducing thermal effects that cannot be

eliminated at the design phase and not as a remedy for

bad design.

[ .. .. 2 ).'-._/ 2":•-. . : . _._.: "._".. r . ._:- >. .',:-.2. ., - 2 _ .:, . _ c : . .- .,- -. ,0 -
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At the design phase, it is known that good design

will reduce the effect of thermal influences. An

example of good design is shown in Figure 5.23. In % %

Figure 5.23, the effect of nonsymmetric heat sources is

shown. The structure under consideration is the z axis

%

of the machine, shown in Figure A1.3. The heat source

is as shown in Figure AI.4. Figure 5.23 shows the

effect 30 minutes after the heating process begins. It •

is now obvious that the location of the heat source is

extremely important and symmetry would be the deciding

factor. The ideal condition would be to take the heat

sources out of the machine. This would reduce the heat

input to the structure. Reduction of heat input

obviously will reduce the deformations. In this

context, cooling the lubricating oil Is also important.

In terms of boundary conditions, based on numerical

computations, it was observed that fixing the base of

the machine rigidly would reduce the vertical

straightness error by as much as 10 to 15 microns.

Undoubtly fixing the base of the machine rigidly would

be impossible. However, it would be worthwhile to study

the effect of different types of foundations on the

accuracy of machine tools.

Regarding software compensation of machine tools,

it has conclusively been shown that thermal effects are

. predictable. Chapter 4 provides the theoretical basis

. . . o o . , .

. .. .. ,
.. .. . -.- o
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of software compensation. In Chapter 5, it is shown

conclusively that thermal effects on accuracy of machine

tools can be predicted. Based on experimental evidence,

it should be mentioned that the number of thermocouples

required for software compensation will be less than 55, q .
the number used in experimental work. It is seen from .

the regression equations presented in Appendix 3, that-

for the x axis, ten thermocouples are required. For the

y axis only six thermocouples are required and for the z -

axis, on' seven.

Numerical prediction of thermal effects on machine ¢. A
tools is a definite possibility. Based on the work

done, sufficient evidence exists to show that numerical .

methods are capable of predicting thermal effects on -- 4
errors. In fact it is apparent that numerical methods

will be the suitable alternative to months of

calibration. Speed is a cause for concern while using

numerical methods for on line prediction of errors.

Computation time can be dramatically reduced if it is

recognized that the structure does not change. Under

such conditions, it will be sufficient if the decomposed -

L-U matrices of Crout's algorithm be held in the memory

of a computer. The problem now changes from one of *
speed to one of storage. "'"•" "

t.7 .. -. ° .
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5.7 Recommendations for Further Research

This section outlines some of the areas that would >.-. .

require further research.

Numerical solution of the y axis of the machine is * .

still a challenge. The problem is complex due to a *'-. '
'

.
.

moving heat source (spindle bearing) and additional heat

sources on the column. It is possible that a •

superposition approach can be attempted. The idea is to

model the carrier and the column independently. Once

the displacement profiles are obtained, superposition of

the two, with a numerical simulation of rigid body

motion is feasible (similar to the method in Chapter 3).

As regards numerical methods, it is felt that a

simpler technique may be possible. Based on measured

temperature values, it may Le possible to fit simple -

polynomials of x, y and z for evaluating thermal

profiles based on the temperatures of a few points. The

reason for using simple lower order polynomials is

because it Is known that almost 90 percent of the

machine is at room temperature. Only 10 percent reaches

temperature which are at most 20 to 30 degrees

Centigrade above room temperature. It is possible that

very simple polynomials will be sufficient. Using this

simplified polynomial thermal field, analytic solutions '

can be attempted.

..................................
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Analytic solutions of the form attempted in Chapter

4 are very challenging. Very few solutions are

available for three dimensional problems. In the context

of machine tools, the problem is essentially three

dimensional. This is mainly due to non-symmetric

location of heat sources. The motivation for developing

analytic solutions is to see if it is possible to

control thermal displacements by using additional

heaters. The idea is very appealing and definitely

deserves some thought.

On lead screw errors, correction techniques are

available. Schemes based on scales or on lasers are

known. Actual implementation of such schemes are worth -.k..

while investigating.

Further experiments along the lines of Chapter 5

are required. Accuracy performance of the same machine

with a variety of environmental conditions is necessary.

Provision for room temperature control would be

essential in this regard. Assuming that software

correction techniques have been installed, the problem

., of determining the time between sampling temperatures

0 has to be studied. Is the criterion to based on time or

is it to be based on temperature ?

From an Instrumentation point of view, development

of new equipment is a necessity. It is obvious by now, .

............................................................
o° ° . -o.o ° . - ° o -

.° -oo-.°*.' ° .-
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that the key aspect to accuracy is good instrumentation.

Straightness errors can be measured, but the set up time

is long and complicated. Due to such problems newer and

simpler methods for measurement are necessary. In this

context, the metrology pallet concept is an extremely

nteresting idea [531. So is the possibility of using

lasers as tools kept in the tool chain for calibration ...;. -

of the machine tool. It is felt at this point, besides "

concentrating on errors along three axis of the machine -

tool, measurement of the volumetric error would be a

good idea. Volumetric error measurement schemes even if

based on planar regions need further research. Thermal• ..'. *.. '

effects are appreciable in the working volume of the

machine, so direct measurement methods would be very

useful.

- In conclusion, the most important problem is,

having modeled the machine, how does one implement the

process of correcting errors ?
", .-...-'.'

,. - .'. ..
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Appendix 1

Table AI.1 Conditions for which Solutions
Have been Obtained -z axis -

Conditions H~eat Source cals/min Type

F ~ 900 cals/node Continuous

2 -T200 cals/node '-Co-ntinuous

3 500 calIs/node Continuous

4 1000 cals/node O<t(75 min
(switched on
and off at 15:.
min intervals)

800 cals/node 75<t(360"O min
(switched 0
and off at 1
min intervals

Z axis has 9 heat node points associated with it

0. Condition 4 Is used for check of regression[ equation.

...............................................
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Table Al.2 Conditions for which Solutions

Have been Obtained -x y axis

Conditions Heat Source cals/min/node-- Type

TU0U 5 TT1~~O 5D Continuou

---~ 3-W -TZU -- TDW e ontinuo-us

3 10 700 200 10 Continuous

4 =0 -20 -- 1 0 30 50 Mi<60 min~
(switched
on and off0
a t 15 min
intervals)

1000 500 1000 500 1000 t>560o mn
(switched
on and off
at 15 min~
intervals)

XY axis has the following number of heat nodes attached
with it

Source Number of nodes

1 8 *

2 4

3 6

4 6

5 18

0. Conditions 1-3 have spindle located half way along

the y axis

Condition 4 has the spindle located located at the
* -- lowest point on the y axis

Condition 4 is used for check of regression
equations.

p 0 ID
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Regression Equations, Numerical Method 0 _

The regression equations are as shown. -

Figures AI.5, A1.6 and A1.7 show temperature im
points *

In the equations that follow, errors are referred to as

erl,er2,er3,er4,er5 and er6.

erl refers to position error in x direction

er2 refers to straightness error in y direction

er3 refers to straightness error in z direction

er4 refers to pitch error -

er5 refers to roll error .

er6 refers to yaw error.

Errors erl,er2 and er3 are computed according to

local coordinate systems shown in Figures A1.1,

AI.2 and A1.3.

equations are given in the following order

Equation for 0 < t < 60 mins \..-

Equation for t > 60 mins

For equations in the 0 < t < 60 mins range,

all temperatures are argumented by 1.

This is done to ensure no problems arise

in cases of temperatures which are zero.
r.. - r.1

Equations are marked with a *, it means that the equa- -. *. - -
t-ion

is used to predict a constant value, because the varia-
t ion * •

of that particular error over distance is negligible.

• o .0
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4 K

X AXI1S 0T

by 18.e =+ 0.146e9loT5I

-r 0 .76e 10 log(T3O+I)

4
17672.6(X log(T3+l)

2 2
+ 537.(X )T )3

-r 190.2( X )(T

+ 0.16e9Olg(I

er2 = .186e10X logTO+I)

+ 176472.6(X) logT+)

3 .194)lgT+)-02e

e r3 -19483.(X)

+ 0.62e10log(TI+I

- O.51e9(X) lo(T1)+ 017]

e 4 - 8.9(X ) lgT+)-02
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19804.5 log(T7+1)

213.3(x) logCT7+1)

-0.606(X 2) log(T7+1) +1705.5

er4 -1875.9(T2)

+ 0.0267(X 2)(T6)

- 2092. 4(T8)

- 0.044(X 2)(T7) -156.10

er5 - -1.03MX

-2207.3 log(T2+1)

+ 15.2(X) log(T2+1)

5
-0.33e-8CX )log(T2+1)

+ 186.35

* er5 2.1(X) :.

-96.2(T6)

+ 0.688(X)(T6) :.

-0.312e-7CxX)T6) -319.45 aCL

er6 -2786.6 log(TI+I) '

- (0. 3e-5) (X ) log(T5+1)

- 63.13(X logCT2+1)

2
+ 0.346(X ) log( T8+1)

-4. 55(X) + 221.29

*er6 -- 188.(T5)

+ 2. 68( T6)

+ 245 .3 (T3) .*-

22-

1 2 ( T5 91.8

*~~~~~~ ~ ~~~~~~ e ...---..- '. co...".* . .
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Y AXIS
o %w

The equations predict the value of the error multiplied
by 1e8.

% ., .S I%

erl - - 0.27e-I(X 5  Iog(T5+1) + 0.207e9

4
enl - 0.59 1e9(T3) -5.69(X ) + 0.448e9

er2 - 19959656.(X)(log(T8+1) 2

4.
+ 0.7(X)

+ 91534124.0 F FF~

er2 =3814105.8(X)(T8)

-0.126e9(T6) '

0 0.173 8e 9

2
er3 -603806.(X )log(CT8+1)

2 2
+ 154989.2(X )(log(T2+1)

- 12.49(X4 ) log(T6+1)

- 18341835.0(X) log(T2+1)

+ 0.IeIO

er3 97743.7(X)(TI0)

+ (0.157el0) . '

4
er4 0 .38e-4(X ) log(T6+1)

2 2
+ 0.49(X )(log(T5+I) )

-132.9

4
er4 =0.904e-5(X )(T6)

-0.185(X 2)(T5)

0.94e-6(X 4

+ 12.2(X)

0 0.15 e- 2(X )T6)

+ 38.98(X)(T5)
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- 1456.0(T5)

- 765.90

er5 - 1105.6 log(T7+1)

- 11.8(X) log(T8+1)
4

+ 0.21e-5(X ) log(T8+1)

2
+ 1.46(X)(logCTIO+1))

-15.5 * 4

2
er5 -- 0.117(X )(T5) .

+ 17.6(X)(T5)

-634.8(T6)

+47.11 (X)

-4670.46

er6 =2026.3 log(TII+1) -

+ 15.45(X)(log(TIO+1) 2

+ 413.9

*er6 -509.7(T11) +25.94

6' ZN
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Z AXIS

The equations predict the value of the error multiplied%
by 1e8.

erl -0.IelO logCT9+1)

+ 13669665.(X) log(T9+1)

2
+ 94778.9(X )log(T9+1)

+ 5025085.5

en - 0.21e9(T9)

+ 2841241.2(X)(TI 2 -...

+ 280574.3(X)(T5)

-16829877.(X)(T1)

+30043250.0

er2 0.4 e9 log(T9+1) ..

-0.26e9 logCT4+1)

2
-1475633.4(X)ClogCT9+1))

2 - 4

+ 144233.0(X)(log(T5+1))

+ 5502256.3V-;

er2 18844258.(T2)

-20672.7(X)(T5)

13927269.(T9)

+ 1007418.9

2
er3 -36466.9(X ) log(T4+1)

+ 0.96e9 logCT9+1)0

2
- 7517186.9(X)(log(T4+1))

- 0.57e9 log(T4+1) -

- 0.79(X 4 log(T5+1)

+14871443.0
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er3 -8795646.5(X)

+ O.29e10(T7)

-30796813(X)(T7)

+ 0.57e9

er4 - 3.63(X

-7866.2 log(T9+1)

+192.3(X) log(T9+1) 0

1.2( log(T9+1)

-220.64

er4 -- 574.8(T2)

+2.9(X)(T5)

-705.97

er5 503.9log(T9+1)

2
6.7CX)(log(T4+l) )~i.

+0.088(X ) logCT9+1)

-0.31e-3(X 3) log(T4+1)

-263.4 log(T4+1)

-2.25

er5 = 40.4(T9)

-0.89(X)(T9)

2
+0.62e-2(X )(T9)

-22. 3

er6 -- 0.28(X)

-192.4 log(T4+1)

+9.05(X) log(T9+1)

-0.1 12 (X) logCT9+1)

+ 0.408e-3(X ) log(T7+1)
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+ 24.3

er6 =4.7(X)

-18 .6(T9)

I -0.424e-1(X 2

+ 0.0847(X)(T5)r:.y :
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Table A1.3 Prediction Capabilities
of Regression Equations (t>60 mins) i I

AXIS X y Z ,
erI mean 2.04 0.45 0.16

abs. mean 1 1.62 20.18 2.35
e r2 mean -0.57 0.5 -0.5

abs. mean 6.2 0.6 1.9
er 3 mean 2.64 0.5 10.8 .

abs. mean 21.20 5.0 32.4
er 4  mean -0.21 6.3 0.1

abs. mean 3.52 15.4 4.87
e r5 mean -4.6 -1.0 0.5

abs. mean 30.9 8.2 20.9
cr 6 mean -0.5 -0.5 18.3

abs. mean 0.6 0.7 38.2

Table A1.4 Prediction Capabilities
of Regression Equations (0<t(60 mins)

AXIS X Y Z
enr mean 3. 1 8.6 0.5

abs. mean 16. 5 24.5 4. 1
cr 2 mean -0.2 -0.1 4. 7

abs. mean 6.2 1.03 44. 1
c r3 mean 9.2 0.5 15.2

abs. mean 46.2 4.9 36.8
e r4 mean 1.2 -1.0 -4.6

abs. mean 12.2 10.8 25.4
cr 5 mean 6.2 3.35 12. 7

abs. mean 46.7 25.63 43.8
cr6 mean 0.8 0.1 1.79

abs.mean 33.9 3.46 4.87

The values are percentage error in prediction.

e~e.
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Appendix 2

Table A2. I Location of Thermocouples on the x axis

Axis Thermocouple # Placement Point

x 1 Lead screw motor

2 Lubricant motor

3 Nut of lead screw .*--

4 Near lead screw motor

5 - 12 On guideways

13 -16 On side plates

17 On oil tank
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Table A2.2 Location of Thermocouples on the y axis

Axis Thermocouple # Placement point

y Lead screw motor

2 iNear lead screw motor

3 Nut of lead screw

4 Spindle motor

5-12 On guideways, spindle side

13 -18 On back side

19 Spindle blower

20 On heater (simulating cutting)

-2 .21 1-
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Table A2.3 Location of Thermocouples on the z axis

q Thermocouple # Placement Point

Axs_____ Lead screw motor

2 ~ Near lead screw motor

3 Nu t of lead screw

4 B axis motor

5 -12 On guideways

13 -16 On front Plate

1 7 -19 On side plates

In appendix 3, temperature readings are presented. The

f ir st o f these readings is the room temperature read- ->. .

I n g. Rest o f the temperature readings f ollow as

described above. This will cause reading at thermocouple

5 to be shown In the sixth place.
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Appendix 3

Conventions on Presentation of Results

The first two lines indicate the axis measured and the

error being presented.

Then the initial starting point readings are given, this

is also the point at which the zero of the laser is set. 9.

The direction of laser indicates the positive direction.

When set to F, movement of the reflector away from the

laser is positive, while R indicates that movement of % V .

the reflector away from the laser is negative.

The experimental readings follow next.

Individual test numbers are indicated.

Positions at which readings are taken are given (marked -.

POS).

Temperatures recorded are given (marked TEMP). The 7'.

first temperature is the average room temperature. Then

the Lemperatures around the machine follow as given in .

Appendix 2.

%,,........

,-- - - - o, - . .. . A . . ___,__,__.. .. . __ .___.

. ..- •-.°° .*"°. -.. .. - o . _ • • • ° • -
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Mean of error is given (marked Mean).I

Standard Deviation is given (marked SD).

Finally the actual errors are presented. Also spreadI

from the mean (marked by up and down) Is given. Regres-

sion equations are presented at the end. Temperatures

used in the regression equation are as defined In Appen-

dix 2. When referring to T5, the thermocouple 4 is the

one being addressed.
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TESTI £ TES2 + ES3X TESN * 1!UTh X 01 TCST7 Z TET y TESTS K ESIe ____

100.0-

50.0 *.

LU 0.0-

z

x -50.0-

iri

Q -100.0-

-150.0-
-100.0 0.0 100-0 200.0 300.0 400.0 500.0 600.0

POS. ON X RXIS mm

1.7
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X AXIS
RESULTS OF POSITION ERROR (micron) 2

... a. ... .. .. ... ...

X axis at 20.000 s

V atis at 111.999 mini
2 axis at 660.400 sins (indep)
Dir of loser F

Test 0 1

Pas 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400. 450. 500. 24.99
TEMP 24. 30 24. 38 33. 84 24. 56 24. 34 24.8.
TEMP 24.29 24.89 24.39 24.39 24.39 24.34 "-

TEMP 25.71 24.26 24.14 24.17 36.94 24.56
MEAN 3.42 8.10 9.22 15.78 15.45 17.43
MEAN 21.21 23.83 25.93 32.6 39.20
SD 1.,0 1.04 0. 97 0.97 1.00 1.00

SD 1.07 0.85 1.00 0.92 0.77Test 0l 2. i
POS 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.
TEMP C5.48 26. 40 35. 33 25.62 25.69 25.98 ,
TEMP 24. 85 25. 54 24. 78 24. 73 25. 00 24. 73 - -
TEMP 26. 79 24. 99 24. 54 24. 66 39. 86 25. 08
MEAN -0.13 3.67 3.57 11.00 12.44 12.83 .,., .

MEAN 15.73 1.60 22.20 28.07 33.67 ... -,"

SD 0.42 2.30 2.23 2.39 2 03 2.21 . .
SD 1.67 1.63 1.63 1.06 0.37
Test 0 3

P05 0 50. 100. 150. 200. 250.
POS 300 350 400. 450. 500.
TEMIP 26 92 29. 59 36. 88 27. 17 28 10 27. 34
TEIP 25 87 26.6J 25.61 25. 51 26 05 25 56
TEMP 27.95 25.88 25.21 25. 56 41.80 26 07
IEAN -32.20 -27.62 -24.98 -16.91 -15.55 -12.65
MEAN -8 07 -5. 50 -0. 13 7. 24 13. 87
SD 2. 62 4. 28 3. 95 3. 78 3 35 2 99
SD 2 40 I 74 1 63 1. 16 0 37
Test I 4

P0S 0 50. 100 150 200 250.
PoS 300 350. 400. 450 500
TE;P Z7 70 31 61 37 64 28 23 29 43 28 36

Et-.- 26 77 27 60 26 35 26 20 26 96 26 23
TE(;P .- 75 26 72 55 84 26 33 42 69 27 C6
f:IAli -57 ,5 -51. 73 -48 87 -40 45 -38 14 -35 59

1:EAN -30 41 -26 67 -21 59 -14 29 -6 39
ED 3 09 4 19 3 85 3 46 3 16 2 87
SD 2 55 2 00 1 48 0 91 0 95
Tc.st t 5,

Pas 0 50 100. 150 200. 250 " *
P0O5 300 350 400 450 500
lEI-,- 27 73 33 67 38 26 29 72 31 40 29 16 " .
7 - 27 2E .,0 '7 06 -6 q1 ,?7 eo 7" .6

T- 2; 27 31 16 310 16 94 43 14 Z7 (;4
' -7 _ -65 42 - 2 57 -'Z 75 -46 64 -4j E7

ME.'J -:5 0 I -2e s e -;'Z 77 -14 3 5" " -

. . . . . .-

.."...-. .. .... "*
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SA

SD 5 74 6 39 5 60 4. 74 3 84 3.60
SD 2 99 2, 77 Z. 27 1. 78 1 30
Test 0 6

PO 0 50. 100. 150. 200. Z50 %.- %,.
POS 300. 350. 400. 450. 500.
TEMP 27.90 35.33 3. 57 30.37 32.21 30.. 0
TEMP 28. 69 29. 71 26. 16 27.99 .9. 91 27. 94
TEMP 29.84 28 13 26.93 27.69 43.49 29. 19
MEAN -60 85 -55. 00 -50. 12 -40. 53 -36. 06 -31. 37 -.-
MEAN -23 05 -17. 90 -10. 10 -0. 62 9. 70
SD 4 30 6.84 6.20 5.52 4.61 3.53
SD 2.76 2.70 2.01 1.69 1.22
Test 4 7

I P0 - 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.
TEMP 27. 78 34. 57 39. 34 30. 75 32. 74 30. 31
TEMP 28 96 29.90 28. 44 28. 27 29. 15 28. 12
TEMP 29. 73 28 05 26. 8 27. 71 43. 4e 29. 49
MEAN -52.90 -47. 05 -41. 25 -30. 47 -26.47 -21. 63
MEAN -13.42 -7.82 -1.13 9.44 19.80
SD 4. 19 5.94 5.78 5. 11 4.41 3.60
SD 3.27 2.66 1.95 1.47 0.05 -'.a
Test o a

POS 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.
TEMP 27.48 35.75 38.46 31.86 33 55 30.77
TEMP 29. 31 30. 43 29. 99 29 97 29. 65 29 63
TEMP 29. 90 28. 29 27. 06 27. 92 43 50 30. 04
MEAN -63.70 -55.30 -49.00 -36 88 -31 45 -26.00
MEAN -16.27 -9.32 -0.89 10 22 22, 14 0
SD 5.90 6.54 6 11 5 22 4981 4 00
SD 3. 11 2.73 2 07 1.32 1 20
Test 4 9

P09 0. 50. 100. 150 200. 250.
POS 300. 350. 400. 450. 500.
TEMP 27.30 35.54 38 42 31 92 33.44 30 85
TEMP 29 37 30 58 29 "0 2 03 29.76 28 73
TEMP 29 B 2e.37 2.7. 12 8 00 43 35 30.27
MEAN -60. 13 -52,87 -46 32 -34. i9 -29.69 -21. 52
MEAN -11 97 -5 15 3.75 14.72 24 B9
SD 5 91 7.39 6 41 5 8 5 33 4 78
SD 4 04 3 47 3 05 2 40 1 17
Tett V~ 10
---------------------------
POS 0. 50 100 150. 200. 250.
Pos 300 350. 400. 450. 500.
TEmP 27 30 35 34 38 39 31.62 33 34 30 89
TEMD 29. 39 30. 65 29 24 29. 12 29 85 .' o-
TEti0D 29 92 29. 49 27 31 29. 14 43 31 30 .29
t:EAN -57. 70 -50 45 -44 0Z -32 27 -26 80 -21 25
F";EA", -12 30 -5 77 2 9:3 13 03 23 86
SE 5 04 7 25 6 90 6 14 5 60 4 94
£0 4 10 3 4.2 2 90 2 35 1 07 0

-* ' . . - , " -

.. - p. *...*

0 0
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ACTUAL DATA

SPREAD

Up Down J" *. ,_1,%,%
;, Te t.t U I

0 210 4.30 4. 30 4.10 4,10 3, 50 -0.55 0. 55.10 9. 50 7. 40 8. 70 6. 50 8 40 -0.77 0. 77 'p...
9. to 10 60 S. 70 9.0 9.0 9.30 -0. 62 0. 62

16 30 16 91 15. 30 16 30 14.50 15 40 -0.42 (. 42

16 01 16 80 14. 89 16, 01 24.01 15.00 -0.48 0 49
18 30 i 71 17. 40 17 59 16. 20 16 40 -0. 13 0 13 -

22 19 22. 61 21.00 21. 39 20 2 19.99 -0.12 0. 12
24. 20 24. 91 23. 59 23. 80 22. 49 22. 89 -0. 20 0. 20
27.01 26.89 26.21 26.00 24.69 24.91 0.04 -0.04
33.39 33.91 32.71 32.81 31.49 31.90 -0. 15 0.15
40 01 40 01 39.31 39.31 39.30 38 30 0 0.

Test # 2
-0.80 -0 30 -0.30 0. 10 0. 10 0.40 -0.20 0.20
0.50 5 30 2.50 6.00 2.00 5.70 -2.00 2,00
1. t0 5 40 1.70 6. 10 1.90 5.20 -2.00 2.00
a 61 13 1 9.70 13 50 9.20 12.89 -2.17 2 17
i 00 14 01 10 30 14. 60 10. 50 14.;1 -1.8 1.94
10.50 14 30 11 20 15 20 11.09 14.69 -1.90 1.90
14.01 17 09 14. 10 17.61 14.59 17.00 -1.50 1.50
17 40 19. 99 17.30 20.29 16.69 19.90 -1.46 1.46

21 00 23.90 20.69 23. 80 20. 51 23.28 -1.46 1. 46 .
27 50 2921 27.10 29 11 26.79 28.69 -0.94 0.94 -.

34.00 34.00 33.01 33.91 33.20 33.20 0. 0. *

Test 0 3
-36. 0 -33 30 -33.30 -31.00 -31.00 -29.50 -1.27 1.27
-33 70 -25 80 -31. 00 -23. 0 -2. .70 -22.70 -3.52 3. 52
-30 70 -23 60 -28. 10 -21. 60 -25 60 -20.30 -3 15 3. 15
-"9 -15 59 -20,00 -13 79 -17. 50 -12.30 -3.02 3 02
-20 .0 -14 50 -18 30 -12 80 -16 20 -11. 31 -2.68 2.680
-1b so -11 60 -14. 99 -10 41 -13. 50 -8. 70 -2. 42 2 42
-11 41 -7. 51 -9.99 -6 01 -8 61 -5.00 -1.90 1.90

-7. 90 -4. 91 -b. 90 -4. 21 -5. 99 -3. 20 -1. 39 1. 39
-2 01 0. 61 -1.89 1.01 -0.49 2.01 -1. 34 1. 34
6 01 7 81 6.01 7.90 6.81 8.91 -0.97 0.97

I 13 49 13 49 13. 79 13. 79 14. 31 14. 31 0. 0.
Test 0 4 ,A Ai
-62 30 -58 80 -5 60 -56 00 -56 00 -53 40 -1.48 1.48
-57 9o -51 30 -54.60 -48 50 -52 10 -46. 10 -3. 10 3. 10
-54 ,20 -48 70 -52 10 -45 80 -48. 60 -43.80 -2 77 2. 77
-45 39 -39. 99 -43 11 -37. 90 -40. 50 -35. 80 -2 55 2 55
-42 80 -38 10 -4D 41 -35,90 -37. 70 -33. 91 -2. 17 2 17
-39 70 -35 90 -37.51 -33 91 -35 10 -31.40 -1 85 1.85

-33 81 -31 01 -32 10 -29 21 -29.91 -26 40 -1. 54 1. 54
-29. 39 -27 01 -28. 20 -25, 60 -26. 09 -23. 71 -. 03 1. 23
-23 59 -22 00 -22. 71 -20, 69 -21. 00 -19, 50 -0. 85 0. 85 0 ,
-15 59 -14 50 -14.89 -13 89 -13.79 -13.00 -0.48 0.48
-7 39 -7.39 -62 9 -62 9 -5.49 -5 49 0. 0.

Test 0t 5

-00 10 -74 '0 -74. 20 -6B 60 -68, 60 -63 80 -2. 72 2. 72
-74 90 -66 40 -69. 30 -61 20 -64. 60 -56 50 -4. 12 4. 12
-70 00 -63 00 -64 50 -58 00 -60 10 -53 80 -3 30 3.30
-:, b - 1Z. -53 21 -47 61 -49 50 -44 0O -2 75 2 75

0!; - -4_ 1 -49 3ri -At 69 -45 59 -41 20 -2 8 2 18
30 -42 ;'0 -43 59 -39 70 -40 41 -37 00 -1 90 1 90

-Y'i 4 -3 1 20 -3!1 59 -31 51 -3) 39 -31 01 -1 43 1 48

* 0

* 0
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-32 99 -,"9 91 -30 30 -28 29 -27 59 -24 91 -1.31 1 31
-25 91 -24 I1 -23 90 -22 19 -20. 90 -19 71 -0 77 0. 77 '' I

-16 69 -15 69 -15. 59 -14 10 -13 09 -11.99 -0 60 0.60
-8.41 -6, 41 -5. 10 -5 10 -3. 51 -3 51 0. 0

Test 0 6
-68.20 -61. 70 -61.70 -59. 10 -59. 10 -55. 30 - 15 2 15
-65. 40 -53. 50 -60. 30 -50. 50 -53. 90 -46. 40 -4. 87 4 97-59. 40 -48. 60 -55. 20 -46.0O0 -49. 10 -42'.40 -4. 45 4. 45 " . . .,,"'-
-48. 60 -39.2 0 -45.30 -37.-O0 -39. 60 -33•.49 -3. 97 3. 97 . .. .?,.

-42. 50 -35. 29 -39. 99 -33. 00 -35. 80 -29. 90 -3. 36 3. 36
-36.61 -31.60 -33.91 -29.40 -30. 11 -26.60 -2. 17 Z 17
-27.40 -22.89 -24.90 -21.61 -2.2.0 -19.50 -1.72 1.72
-22.09 -18.01 -19.71 -15.90 -17.09 -14. 59 -1.73 1. 73
-13.31 -10. 10 -11.51 -8 61 -9. 19 -7.90 -1.23 1.23

-3 30 -0. 99 -1.71 0.61 0.40 1. 19 -0.92 0.92
7 29 7.29 8 79 8 79 10.01 10.01 0. 0.

Test 0 7
-59. 50 -54 50 -54. 50 -50. 70 -50. 70 -47. 50 -2. 00 2. 00
-56. 00 -46. 00 -51. 10 -42 40 -47. 30 -39. 50 -4.42 4. 42
-49. 90 -40. 40 -45. 00 -36.90 -41. 70 -33. 60 -4.28 4. 28
-37.99 -29. 50 -33. 80 -26 70 -31.20 -23.61 -3.87 3. 97
-32.90 -25 60 -29.60 -22.99 -26. 99 -20. 71 -3.36 3. 36
-26.99 -21.10 -24.09 -19.91 -21.80 -16.91 -2.66 2. 66
-18.31 -13. 09 -15.50 -11.20 -13.49 -8.91 -2.35 2.35 - .'
-11.51 -7.60 -9.70 -5.90 -821 -4.09 -1.99 1.99
-4.09 -1.10 -2.29 0.09 -1.01 1.59 -1.33 1.33

7. 11 9.49 8.70 10.41 9.49 11.41 -1.00 1.00
18.90 19 80 19.90 19.90 20-69 20.69 0. 0.

Test 0 e 0
-72 90 -66 10 -66. 10 -60 10 -60. 10 -56. 90 -2.67 2 67
-65 30 -55 40 -59. 00 -50. 70 -55. 00 -46, 40 -4. 47 4. 47 " "
-58. 20 -49. 10 -52. 80 -44. 50 -48 60 -40. 80 -4. 20 4. 20
-44 60 -37 60 -39. 99 -33 10 -36. 30 -29 69 -3. 42 3. 42
-38 70 -32, 00 -34. 30 -27 89 -30. 81 -24. 99 -3. 15 3 15
-31. 90 -27.21 -28 31 -23 30 -24. 99 -20 40 -2.37 2. 37
-20 91 -17.40 -17.79 -14.40 -15.41 -11.81 -1.73 1.73
-13 21 -10 80 -10.50 -7 e1 -8.09 -5.49 -1.28 1.29 ,.f..
-3 81 -2 29 -1. 71 0 31 0.40 1.80 -0.82 0.82
8 21 9 31 10 01 10 89 11. 11 11 e1 -0.45 0 45

.0 e1 20 81 22 09 22. 09 23. 50 23 50 0 0.
Test 0 9
-69 10 -63 00 -63 00 -56 20 -56. 20 -53 30 -2 63 2. 63
-63 50 -52 60 -57 80 -46 90 -53 50 -42. 90 -5. 40 5. 40
-55 70 -46 10 -50 40 -41 20 -46.80 -37.70 -4.65 4 65
-43 00 -33 60 -37 80 -29 60 -34.70 -26 40 -4.32 4. 32
-26 70 - 07 0 -2" 30 -24 60 -28.90 -21 80 -3.95 3 95
- 5 0 -0 90 -- 4 70 -18 01 -21.80 -15. 11 -3 51 3 51
-1 01 -11 51 -14 40 -9 00 -12.39 -6.50 -297 2 97
-10.41 -4 79 -7.20 -2.59 -5.40 -0 49 -2.52 2 52

-079 400 1.59 6 29 39 1 7 60 -2.21 2 21
11. 51 14 50 12.70 16 60 15.01 18.01 -1 65 1 65
23 50 23 50 25 09 25 09 26 09 26 09 0. 0

Tcst V 0
-65 O0 -60 30 -60 30 -54 70 -54 70 -51 2 0 2 30 2 30
-6 C -49 40 -55 90 44 40 -51 70 -40 80 -5 58 5 58
_ .0 -43 CC' -49 0 -iO 4,0 -45 30 -34 70 -5 3, 5 3."

D -1 " -- '3 1o -. 7 -,1 -. ' >o Z'4 C, -4 70 4 7C-
1. -7 .:, -2 c, -; : - 7 ;1 -19 1C' -4 ,4 4 14

-: -21 -,_4 -7c, -17 t c -Pi -14 71 -3 46 3 F8
-F' /C- -14 -1 "! -' 1 -12 7, -t - 2 97 2 7

* 0

. . . .. .. . . . .. . . . . . . . .
. . . ............................ ,,.

. . . . . . .... . . . .... . . . . . . - . .. .,
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-i 1 -5 so -8 09 -3 30 -5 72 -1 01 -2. 40 4 C0

-10 719 29 0.61 4. 70 2 90 6 99 -2.06 2 06 NN

to 50 13 89 11.99 15.20 110 7.0 -. 3 1 63

22. 71 22.71 23.80 23.80 25.09 25.09 0 0.

%
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D0

X AXIS
RESULTS OF HORZ. ST. ERROR (micron)

X axi, at 25.,000 m,
Y axis :t 91.554mm ,,- -
2 axis at 320. 165 m-

TtDir of loser F*20.5..3

Pos 0 50. 100. 150. 200. 25,0. 300.

TEMP 25. 20 24. 93 34. 10 2" "4 24.95
TEMP 24.49 25.01 24. 64 24.59 24. 61 24.54
TEMP 25.69 24.35 24.15 24.20 36.47 24.79
MEAN 0. 50 -1.90 -0.59 -0.49 0. 3.12 0,73
SD 0.48 2.32 2.36 2.35 2-28 2.30 0.40

Test 0 2

POS 0 50. 100. 150. 200. 250. 300.
TEMP 26 00 28.17 35.99 26. 11 26.16 26.12
TEMP 25.03 25.94 24.94 24.86 25.21 24.99
TEMP 26. 95 24. 94 24. 57 24. 69 40. 32 25. 29
MEAN 34.13 31.70 32.65 33.70 34.49 35.23 34.37
SD 0.46 2.63 2.69 2.59 2.70 2.64 0.27
Test 0 3

K.POS 0. 50. 100. 150. 200. 250. 300.
TEMP 26. 5 30. 22 36. 0 -;P0 a its 27. 25
TEMP 25.79 26.79 25.49 25.36 26.07 25"56
TEMP 27. 71 25.65 25. 06 25.38 41.49 26 14
MEAN 43 27 41.24 41 93 42.85 42.97 43. 26 43 20
SD 0.46 1.61 1.51 1.63 1.64 1.53 0.54

Test 6 4

POS 0. 50. 100. 150. 200. 250. 300.
TEMP 27 13 31.56 37.09 27.61 28.44 27. 91
TEMP 26. 37 27. 59 26 05 25. 93 26. 76 26. 05
TEMP 28 20 26.20 25.46 25.95 42.02 26 86
MEAN 4e.70 46.71 46.92 47.35 49.41 50.32 48.77
SD 0,20 2.4e 251 2.56 2.39 2.2e 0.14
Test 0 5

P0S 0. 50, 100. 150. 200. 250. 300.

TEMP 25. 1 30.84 35 67 28. 13 28 62 28 11
TEMP 26 35 27.84 26. 40 26.25 26. 57 25. 88
TEMP 27 57 26.25 24 58 25.24 41.07 27.23
MEAN 42 20 39. 21 40. 14 41 43 41. 34 42. -96 42. 07
SD 0 30 2.37 2.41 2.40 2.39 2.02 0,31

Test 86

POS 0 50 100 150. 200 250. 300.
TEMP 23 79 30.34 34 46 28.05 29.25 27.79
TEMP 26 05 27 78 26.49 26.29 26.41 25.73 , -
TEMP 26 95 25. 73 24. 35 24. 97 39. 97 27. 20
MEAN 33 20 31.35 32 12 32.33 32.60 33.93 33 20
SD 0. 56 2. 20 2. 07 2. 15 2. 43 2. 36 0 56

Test 4 7

POS 0 50 100 150 200 250. 300.
TEMP 23 65 28907 33 44 24-Ait2 -26-4 234 27-
TEMP 25 75 27 39 26 19 26.21 26 21 25 43 .

. . . .....-. . . . . . . . .

: F L:-i::.. .:
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. . A

TEMP 26.31 25.16 240 00 24.67 38.96 27.17 .-.
MEAN 29.70 27.64 29 49 28.73 29.94 30.34 29.63
SD 0.27 2.47 2. 36 2.42 2.43 2.14 0.31

Test 8

TEMP 24 30 29. 34 34. 76 27. 70 27. 31 27. 34
TEMP 25.62 27. 49 26. 24 26. 16 26. 41 25.65
TEMP 26.87 25.29 24.03 24.77 40.04 27.09
MEAN 34.70 32.49 32.97 33.57 33.93 35.28 34.90
SD 0.25 2.56 2.57 2.49 2.51 2.31 0.31

ACTUAL DATA - "-"

SPREAD

Up Down
Test 6 1
-0.20 0.30 0.30 0.70 0.70 1.20 -0.23 0.23
-4. 23 -0.35 -4.03 0.13 -3.70 0.79 -2.09 2.09
-3. 07 1.00 -2.67 1.57 -2.40 2.07 -2.13 2.13
-2.90 1. 15 -2.60 1.60 -2. 30 2. 15 -2. 12 2. 12
-2.33 1.70 -1. 93 2.23 -1.30 2.73 -2.04 2.04
-1. 37 2.65 -0.97 3. 17 -0.50 3.72 -2.06 2.06
0.30 0.30 0 70 0.70 1.20 1. 20 0. 0.
Test 6 2
33. 30 34. 10 34. 10 34. 30 34. 30 34. 70 -0. 23 0. 23
28.78 33.62 29.48 34. 32 29.72 34.28 -2.37 2.37
29.57 34.73 30.47 35.33 30.63 35.17 -2.43 2.43 *
30.85 35.95 31. 55 36. 05 31.65 36. 15 -2.35 2.35
31.43 36.57 32. 23 36. 97 32.47 37.23 -2.44 2.44
32.02 37.19 33.32 37.68 33.29 37.92 -2.36 2.36 - J
34.10 34.10 34.30 .0 34.70 34.70 0.00 0.00
Test 6 3
42.90 43.50 43.50 43.60 43.60 42.50 0.07 -0.07
39.53 42.93 39.92 43.03 40, 10 42.02 -1.42 1.42 .- " " " " "'.
40. 27 43. 37 40.43 43. 57 40. 80 42. 53 -1. 33 1. 33
41.00 44.50 41.25 44.60 42.00 43.75 -1.43 1.43
41.03 44.53 41.27 44.63 42.00 43.77 -1.44 1.44
41 57 44.87 41.99 44.97 42.20 43.99 -1.34 1.34
43. 50 43. 50 43.60 43. 60 42. 50 42. 50 0. 0. -
Test 6 4
48.40 48.60 48.60 48.90 4.90 4.90 -0.07 0.07 - .
44.58 48.72 44.52 4.97 44.25 49.23 -2.26 2.26
44.57 49.03 44.53 49.23 44.90 49 37 -2.29 2.29
44.95 49. 45 44.95 49. 90 45. 15 49 70 -2 33 2.33 0
46.03 50.47 46.27 50.67 46.40 50.63 -2.18 2.18
48.12 52.09 48.18 52.53 48.45 52.57 -2.07 2.07 -
48. 60 49. 60 48. 90 48. 90 49. 90 49. 90 0. 0.
Test 0 5
42.50 42.10 42.10 42.40 42.40 41.70 0. 13 -0.13
37.12 41.45 36.95 41.40 37.07 41.25 -2. 16 2. 16
38.13 42.60 37.70 42.30 38.03 42.10 -2. 19 2. 19
39.35 43.75 39.05 44.00 39.40 43.05 -2.17 2. 17 0 4
39.27 43.90 3.90 43.50 39.37 43.20 -2.16 2. 16
41.29 44.95 40.85 44.90 41.23 44 55 -1.84 1.94
42.10 42.10 42.40 42.40 41.70 41.70 0.00 0.00
Test 6
33.00 32.70 32.70 33.90 33.90 33.00 -0.00 -0.00

29.67 32.92 29.37 33.77 29.07 33.42 -1.9 1. 9

* 4

,. -~~......................................-..................;............. ....... ... '.".. -..
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I

30.63 33.33 30.13 34.53 3003 34.03 -1.65 1 85
30 60 33.75 30.30 34.80 30.30 34 25 -1.93 1.93 _."'
30.37 33.97 30.17 35.47 30.77 34.87 -2. 17 2. 17

31. 73 35 28 31. 53 36. 83 32. 23 35. 9 -2. 10 2, 10
32.70 32.70 33.90 33-90 33.00 33.00 0. 0,

Test 7
29. 70 30. 00 30. 00 29. 60 29. 60 29. 30 0 07 -0. 07 •

25.93 30.09 25.22 29.85 25.15 2q. 70 -2,24 2 24 *....?

26. 17 30. 67 26. 63 30.90 26. 20 30. 30 -2 14 2. 14

26. 70 30. 95 26. 55 31. 15 26. 35 30. 70 -2. 20 2 20
26.63 31.43 27.07 31.10 26.50 30.90 -2.21 2.21
28.37 32 62 20 .5 32.25 28.25 32.00 -1.94 1 94
30.00 30.00 29.60 29.60 29.30 29.30 0. 0. -
Tt 0 8 90-1 0. 10
34. 60 34.60 34. 60 34. 60 34.60 35.20 -0. 10 0 10
30.03 34.63 30.12 34.72 30.30 35, 10 -2.33 2.33
30. 57 34. 97 30. 43 35. 13 30. 60 35. 60 -2. 33 2.33
31.30 35.60 31. 15 35.65 31.50 36.20 -2.27 2.257

31.63 35.93 31.77 35.87 31.60 36.60 -2.27 2.27
3307 37.17 33.18 37.18 33.30 378021 .1
34.60 34. 60 34.60 34.60 35.20 35.20 0. 0.

Regression Equation

T17*10o30 - 4.07*T3 + 0.19e-4*X*X + 1.88*15

- 282.84

0

- '.".

p.. .... -?

. . . ~ ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . .. . . . . . . ,,

-7 - ~-.7* * . *.~ a. ~ ~5. ~ ~)>A~-T'. % -U-',7vv
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X AXIS
RESULTS OF VERT. ST. ERROR (micron)

X axis at 25.000 "s
V axis at 90.353 mss
Z axis at 319.260 "s
Dir of loase F

Test 0 1 %

P0S 0. 50. 100. 150. 200. 250. 300.
TEMP 24.90 25.39 34 79 6%66 24 + 4 6.05
TEMP 25 02 26.02 25.22 25.17 25.22 25.02
TEMP 26.56 24.87 24.31 24.51 39.43 25.54
MEAN -0.22 0. 17 2.29 1.39 0.44 -2.75 -0.27
SD 0.18 0.90 0.74 0.84 0.42 0. 0.10
Test• 2

P0S 0. 50. 100. 150. 200. 250. 300. .. -
TEMP 24.90 25.76 34.94 26.05 25.73 26.52
TEMP 25. 19 26. 32 25. 34 25. 24 25. 47 25. 05
TEMP 26.84 25.05 24.34 24.40 40.19 25.79
MEAN 15.7! 17.11 16.43 18.21 17.17 14.48 15.70
SD 0.16 0.78 0.72 0.71 0.61 0.65 0.15 .

Test 0 3

PS 0. 50. 100. 150. 200. 250. 300.
TEMP 25 03 26. 88 35.27 26.63 26.39 27. 05 ".
TEMP 25. 51 26. 83 25. 59 25. 48 25.97 25. 33
TEMP 27.15 25.33 24.57 25.02 40.52 26.24
MEAN 11.77 12.15 14.05 13.40 11.72 10.83 11.73 ". ,ZK
SD 0.15 0.83 0.66 0.73 0.58 0.59 0.10 ". ,

Test 0 4

PO 0. 50. 100. 150. 200. 250. 300. *-.* '
TEMP 25-25 27.94 35.91 2;. 04 4p! ft 27.50 ':

TEMP 25 B8 27. 25 25. 91 25. 81 26. 45 25. 69
TEMP 27.55 25.71 24.85 25.42 41.22 26.76
MEAN 10.48 10.94 13.22 11.89 10.93 7.936 10.47
SD 0.04 1.21 0.69 0.91 0.64 0.53 0.05

Test 0 5

POS 0. 50. 100. 150. 200. 250. 300.
TEMP 25.13 29.15 36.00 27.96 27.94 27.6
TEMP 26. 20 27. 64 26. 22 26. 10 26. 8 24. 00
TEMP 27.74 25.95 25.07 25.73 41.21 27.13 .
MEAN 12.65 14.61 14.42 14.06 14.63 12.68 12.63
SD 0.16 0.96 0.61 0.74 0.80 0.71 0.14 ,..

Test 6 4

POS 0. 50. 100. 150. 200. 250. 300.
TEMP 25.15 30. 24 35.73 28. 24 29.37 2. 05
TEMP 26. 39 27. 90 26. 53 26. 36 26. 92 25.99

-, TEMP 27.61 26.04 24.45 25.36 41.25 27.41 0
MEAN 15 68 17. 45 17. 17 1B.26 17. 48 16. 31 15 70
SD 0. 12 1.00 0.46 0.42 0.50 0.37 0.09

Test 0 7

POS 0. 50. 100. 150. 200. 250. 300.
TEMP 25 05 28. 64 35. 54 27. 22 27. 44 28. 10
TEMP 26. 44 28. 01 26. 51 26 37 26. 93 25. 95 '

.•. . . . . - ... . . .

. . . .*

* . . . . . . .. . ..- o". .5. - .
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TEMP 27. 52 25. 9 2 24. 23 25. 19 41. 21 27. 57
MEAN 15.90 18.17 17.78 19.15 17.92 16.51 15.83
SD 0.41 0.04 0.65 0.59 0.42 0.69 0.29

Test • 8 r

P0S 0. 50. 100. 150. 200. 250. 300. - 4
TEMP 25.00 29.97 35,47 20.32 29.15 28.05
TEMP 26. 37 28.05 26. 66 26.44 26.90 25. 98
TEMP 27.44 25.90 24. 19 25.14 41.02 27.59
MEAN 17. 42 19. 58 19. 36 19.63 19. 22 19. 07 17. 50
SD 0.70 0.91 0.67 04.0 0.72 0.72 0.71

Test 0 9

POS 0. 50. 100. 150. 200. 250. 300.TEMP 24. 8 29.0 35 40 29. 35 28. 25 28. 09 8 , -, -
TEMP 26.37 28. 05 26. 71 26.46 26.99 25.97
TEMP 27.39 25 3 24.16 25. 14 40. 92 27. 59
MEAN 19.05 20. 49 20 08 21.44 20. 60 18.26 19. 10
SD 0. 16 0.60 0.47 0.24 0 37 0.32 0 15 "" -"

Testg 10

Pos 0. 50. 100. 150. 200. 250. 300.
TEMP 24. 90 29. 96 35. 21 29. as 21. 06
TEMP 26.33 29.04 26.72 26.47 27.01 25.99
TEMP 27.35 25.99 24.17 25.15 40.90 27.62
MEAN 19.29 21.41 20.14 21.36 21.02 19.24 19.27
- D 0.15 0.99 0.65 0.57 0.54 0.72 0.14

ACTUAL DATA

SPREAD
Up Down,

Test 0 1
0.10 -0.20 -0.20 -0.40 -0.40 -0.20 0.05 -0.05
1.13 -0.52 0.75 -0.98 1.05 -0.52 0.91 -0.91
2.67 2.77 2.20 0.03 2.50 2.77 0.17 -0.17
2.90 1.25 2.35 0,95 2.65 1.25 0.74 -0.74
1.23 0.03 0.90 -0.33 0.90 0.03 0.53 -0.53 . --

-1.93 -3. 19 -2.25 -3.62 -2.35 -3. 18 0.57 -0.57
-0 20 -0.20 -0.40 -0. 40 -0.20 -0.20 0. 0.
Test 02
16.00 15.90 15.90 15.80 15.90 15.50 0.09 -0.08
1.05 16.52 17.92 16.42 17.40 16.35 o. 6 -0.68
17.40 16.23 17.13 15,93 17.30 15.90 0.4 -0.64
19.15 17.65 19.75 17.65 19.60 17.45 0.63 -0.63
17.90 16.07 17.37 16.47 17.90 16.60 0.52 -0.52 •
15.35 14.29 14.98 13.98 15.40 14.05 0.57 -0.57
15.00 15.80 15.90 15.80 15.50 15 50 0. 0.
Test 03
12.00 11.90 11.90 11.60 11.60 11.60 0.03 -0.03
12. 99 11.45 12.87 11.33 12.97 11.40 0.76 -0.76
14.77 13. 50 14. 73 13.37 14.43 13. 50 0 59 -0.59
14.05 12.95 14.00 12.50 14. 10 12.90 0.65 -0.65 ,
12.23 11.00 12.07 11,03 12.27 11,70 0.47 -0.47 •
11l52 10.35 11.23 10 27 11.33 10.30 0. 53 -0. 53
11.90 11.90 11.60 M.60 19 11.00 0. 0.
Test 0 4
10.50 1050 10.50 1050 10 50 10.40 0.02 -0.02
11 69 10 9 11. 57 9. 77 12.67 9.75 1. 04 -1.04

- - - - - - - - - - - - - - - - - -- - - - - - - - - - ---..... ,.. . . .
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13.77 12 77 13.93 12.63 13.93 1240 0.62 -0.62
12 45 11.15 12.0 11.40 12 o 10.95 0.73 -0.73
11.23 10.23 11.57 10.57 11 67 I0 30 0.56 -0 56 5
0.32 7. 52 0.23 7. 53 43 7. 15 0.46 -0.46

10 50 10 50 105 0 1O 50 10 40 10.40 -0.00 -0.00Test 0 5 .' ' - ,

12 90 12 60 12. 60 12. 50 12 50 12.90 0. 02 -0. 02
15. 67 13. 82 15. 07 13. 65 15 35 14. 10 0. 75 -0. 75
15 03 13. 73 14.93 13 0 15 00 14. 10 0. 54 -0. 54
14. 70 13.45 15.00 13. 35 14.45 13.40 0. 66 -0.66 .
15.57 13.87 15. 17 13. 80 15 30 14. 10 0. 71 -0.71
13.53 12.38 13. 13 11.65 13 15 12.20 0.60 -0.60
12.60 12.60 12.50 12 50 12 80 129 0 0. 0.
Test 4 6
15. 50 15. 70 15. 70 15. 90 15 s0 15. 60 -0. 02 0. 02
19.83 16.67 18.07 16 79 18.05 16.32 0. 86 -0.96
17.37 16.63 17.63 16 77 17 70 16. 93 0.39 -0.39
16.50 18.00 18.70 18.05 1865 17. 65 0.36 -0, 36
17. 93 17. 07 16. 17 17. 23 17. 70 16. 7 0. 42 -0. 42 F 0
16.47 16. 13 16.63 16. 12 16.75 15.76 0.30 -0.30
15.70 15.70 15.90 1580 15.60 15.60 0.00 .00 .-
Test 6 7
16.60 15.60 15.60 15.70 15.70 16.20 0.07 -0,07
19.20 17. 13 16.65 17.67 19.95 17.53 0.73 -0.73
18.70 17 07 19.20 17.23 is. 10 17.37 0.56 -0.56
19. 10 17.60 19.45 17.60 1835 17.90 0.48 -0.49

18.70 17.03 19.20 17.37 I. 10 17.53 0.51 -0.51
17.60 15 77 16.75 15 93 16.95 16. 17 0.56 -0.56
15. 60 15 60 15.70 15 70 16.20 16.20 0. 0.
Test 0 8 Op--.,
17.30 19 10 19 10 16 60 16.60 17.80 -0.0 9 0.08
20 02 18 75 20 65 19.00 20.48 19.59 0.90 -0.0
19.93 19. 10 20 20 18 60 19.67 19.67 0.57 -0.57
20 25 19 55 20 55 1 70 19. 55 19. 15 0. 49 -0. 49
19 97 19 30 20. 10 I9 10 19. 13 18. 83 0. 49 -0. 49
19 49 1. 15 19. 15 17.00 17.82 17.82 0.41 -0.41
19 10 19 10 16 60 16.60 17.80 17.80 -0.00 -0.00
Toot 0 9
19.90 19.20 19.20 1.90 19.90 19.20 -0.05 0.05
20.77 20.02 21. 33 19 79 20. 90 20. 15 0. 51 -0. 51 "
20 43 19. 93 20. 57 19. 67 20. -50 19. 50 0. 42 -0. 42
21 60 21.05 21.60 21.35 21 70 21.35 0.19 -0.19
20 67 20. 17 21.03 20.23 21.00 20.50 0.30 -0.30 S
1. 13 17.99 1957 17.92 1.70 1.25 0.21 -0.21
19.20 19.20 1.90 1.90 19.20 19.20 0. 0
Test 0 10
19.40 1940 19.40 19.10 110 19.30 0.02 -0.02
21 98 20 6 225 7 20.62 2205 20.58 0.79 -0.79
2067 19 67 20.93 19.43 20.70 19. 57 0.59 -0 59
21.95 20 95 21.90 2065 21.75 20.95 0.51 -0.51
21. 53 20 63 21. 57 20 37 21 40 20.63 0.49 -0.49 8
18 72 17 72 19.93 17.26 1.95 17.92 0.63 -0.63
19.40 1940 19. 10 19.10 19.30 19.30 0. 0.

Regression Equation . . % -"

T17*22.52 - T1*73.87 3.13*T8 - 0.65e 7*X*X +

1033.87

....................

. ... . ...,..* . .. . . . . . %
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X axisV
RESULTS OF PITCH ERROR (arc-socs) %

;,axis at 20.000 ims.
Y axis at 111.999 -ms
Z axis at 6"0.400 mms (indep)
Dir of later F

Teste 0
P09 0. 50. 100. 150. 200. 250.
P09 300. 350. 400. 450. 500.
TEMP 25.25 25.69 34.68 95.24 "6.*a 25.81I
TEMP 24.73 25.69 24.83 24.75 24.9 24.66

TEP 26 5 24. 61 24. 24 24. 46 39. 50 25. 22
MEAN 0.76 0.74 0. 51 -0.'0 -0.12 -0.40
MEAN -1.04 -1.32 -1.45 -1.34 -1.57
SD 0.16 0.35 0.36 0.33 0.26 0.32
SD 0.35 0.33 0.34 0.32 0.04

Toest 0 2

POS 0. 50. 100. 150. 200. 250.
P09 300. 350. 400. 450. 500.
TEMP 26.00 27.21 35.60 2&.t 2&e 26.62
TEMP 25. 20 26. 19 25. 06 25. 01 25. 55 25. 01
TEMP 27.16 25. 15 24.6 24.9 40.37 25.67
MEAN -1. 59 -1. 94 -Z.10 -2. 47 -2. 57 -3.04
MEAN -3. 39 -3. 46 -3.93 -3.79 -3. 6
SD 0.35 0.60 0.57 0.56 0.60 0.51
SD 0.62 0.57 0 22 0.27 0.13

Test 0 3

P09 0. 50. 100. 150. 200. 250.P09 300. 350. 400. 450. 500.
TEMP 26.93 29.02 36.32 27.16 27.34 27.34
TEMP 25. 79 26.895 25. 52 25. 45 26.19 25-50
TEMP 27.90 25.77 25.13 25.57 41.65 26.31
MEAN -4. 78 -4. 79 -5. 16 -5. 60 -5. 60 -6. 06
MEAN -6. 63 -6. 82 -6. 61 -7. 04 -6. 93
SD 0.17 0.35 0.38 0.43 0.38 0.39
SD 0.41 0.31 0.42 0.41 0.07
Test 0 4

P09 0. 50. 100. 150. 200. 250.
P09 300. 350. 400. 450. 500.
TEMP 27. 38 32. 35 37. 07 29. 49 29. 19 29824
TEMP 26.65 27.93 26.31 26.19 27.07 26.24
TEMP 28.46 26. 53 25. 70 26.26 42. 39 27. 22
MEAN -7. 64 -7. 56 -6. 17 -8. 54 --6. 51 -9. 91
MEAN -9. 63 -9. 70 -9. 74 -10. 17 -9. 9
SD 0.21 0.52 0.57 0.51 0.61 0.47
SD 0.36 0.45 0.35 0.39 0.11

Test 0 5

P0as 0. 50. 100 150. 200. 250.
PD9 300. 350. 400. 450, 500

TEMP 27.00 30.29 37 55 27.66 29.56 29.95
TEMP 2729 26.32 26.88 26.73 27.76 26.710
TEMIP 29 90 27.00 26,14 26985 42.80 27.99
MEAN -10.75 -10 57 -1.6 -11 57 -11.51 -12.12
MEAN -12 72 -1Z 71 -12.74 -13 30 -13.27
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SD 0.20 0.37 0.33 0.51 0.43 0.43. .
SD 0.37 0.34 0.43 0.25 0. 13

Test * 6

PO 9 0. 50 100. 150. 200. 250. 30.66.29.52POS 300. 35)0. 400. 450. 500. ,

TEM 26.7 , :3.66 37.5 30 1o3 30. 29 .52__ .......
TEMP 2901 29.32 27.79 27.71 28.66 27.59
TEMP 29.20 27.49 26 49 27.30 42.87 28.93
MEAN -13.06 -12.78 -13 48 -14.08 -14.32 -14.63
MEAN -15.38 -15.81 -15. 75 -16. 33 -16.34
SD 0.07 0.48 0.47 0.64 0.50 0.54
SD 0.56 0.50 0.44 0 30 0.07

Test 0 7

POS O 50. 100. 150. 200. 250,
POS 300. 350. 400. 450. 500.
TEMP 26.55 33. b 37.65 30-12 31.02 29.69
TEMP 28. 19 29.41 28.00 27.90 26.78 27.73
TEMP 29.27 27.66 26.61 27.44 42.77 29.10 , - .__
MEAN -13. 14 -13. 16 -13. 73 -14. 39 -14. 63 -15. 16
MEAN -15. 73 -16. 19 -16. 33 -16. 70 -16.92
SD 0.10 0.36 0.43 0.41 0.39 0.45
OD 0.42 0.36 0.41 0.37 0.0

Test 0 8

POS 0. 50. 100. 150. !00. 250. " ..-.
POS 300. 350. 400. 450. '0.

TEMP 26.40 33.88 37.6 306 64 31.27 29.86
TEMP 29.32 29.64 28.23 28. 13 28.93 27.91

TEMP 29.32 27.79 26.69 27.57 42.66 29.32
MEAN -12. 76 -12. 76 -13. 50 -14. 16 -14. 23 -14. 96
MEAN -15.70 -15.92 -15.96 -16.65 -16.86
SD 0.04 0.30 0.48 0.42 0.48 0.45
SD 0.44 0.50 0.38 0.40 0. 12

Test 0 9

POS 0. 50- 100. 150. 200. 250. -S
POS 300. 350. 400. 450. 500.
TEMP 2&.30 34, 13 37.09 30.52 31.27 30.04
TEMP 29. 50 29. 91 28.43 28. 40 29. 1 29. 09
TEMP 29.23 27. 77 26.69 27. 55 42. 50 29. 60
MEAN -12. 08 -12. 01 -12. 68 -13.27 -13. 6 -14. 32
MEAN -14.91 -15. 54 -15. 97 -16.31 -16. 39
SD 0.20 0.39 0.56 0.44 0.40 0.42
SD 0.65 0.40 0.20 0.40 0.26

Test 0 10

POS 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.
TEMP 26.20 32 37 36.76 1* 46 ae.36 29.94
TEMP 28.48 29.85 29 41 28.36 29.09 28.07
TEMP 29.09 27.65 2667 27.51 42.17 29.63
MEAN -11.52 -11.56 -12. 16 -12986 -13.14 -13.77 0
MEAN -14.41 -14. 6 -15. 31 -15 62 -16. 00
SD 0.07 0.38 0.43 0.39 0.46 0.34
SD 0. 35 0.39 0.32 0.29 0.07

S% % 2-

* .. , ~ ~ >~ ~c ~:C, -:{. .. .:.-, .
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ACTUAL DATA SRA

Test ti D!ny. ,- -U Down

0.47 0.79 0.79 0.91 0.91 0.71 -0.04 004 __ ___
0.51 0.51 0.9 0.63 1.34 0.47 0.20 -0.20
051 0.04 o.87 0.24 0.98 0.39 0.28 -0.28

-0.04 -0.55 0.06 -0.16 0.39 -0.35 0.25 -0.25
-0,24 -0.24 0.12 -0.31 0.28 -0,35 0.19 -019
-0.43 -0.75 -0.12 -0 55 0.09 -0,63 0.24 -0.24 . .
-1.06 -1.42 -0.39 -1.19 -0.99 -1.22 0.23 -0.23 ..

-0.91 -1.65 -1.06 -1 42 -1.14 -1.73 0.28 -0 28
-1.54 -1.93 -1.10 -1.38 -1. 06 -1.69 0.22 -0.22
-1.39 -1.77 -0.94 -1.30 -1.02 -1.61 0,22 -0.22
-1. 61 -1.61 -1. 57 -1. 57 -1.54 -1.54 0. 0r
Test 0 2

-0.99 -1.65 -1.65 -1.57 -1.57 -2.09 0.19 -01 i9
-1.06 -2.09 -1.65 -2.17 -1.91 -2987 0.43 -0 43
-1.34 -2.32 -1.77 -2.44 -1.91 -2. 91 0 46 -0.46
-1.65 -2.52 -2.09 -2.83 -2. 44 -3.27 0 41 -0,41
-1.85 -2.60 -2.01 -2.95 -2.40 -3.43 0,49 -0.49
-2. 20 -3. 15 -2. 99 -3.23 -2. 91 -3. 7 0.34 -0. 34
-2,40 -3.46 -3. 11 -3.66 -3.39 -4.29 0.42 -0,42 ... ,
-2.60 -3.66 -2. 99 -3.70 -3.5 -4.21 040 -0.40 .-. -. :,,
-3. 46 -3.79 -3. 7 -4. 6 -3. 2 -4. 06 0. 14 -0. 14
-3.43 -4.06 -3.54 -4.02 -3.74 -3.9 0,22 -0.22 .
-3.62 -3.62 -3.54 -3.54 -3.82 -39 2 0. . 0.-
Test 0 3 ,

-4.49 -4.94 -4.84 -4.92 -4.92 -4.65 0,03 -0.03
-4.41 -4.65 -4.57 -5. 16 -4.61 -5.29 0,25 -0 .25
-4.76 -5,47 -4.84 -5.47 -4. 04 -5.55 0,34 -0.34
-5.28 -5.94 -5.04 -5.99 -5.35 -6.02 0, 38 -0.38
-5.24 -5.91 -5. 12 -5.91 -5.47 -5.99 0.33 -0.33
-5,71 -6.34 -5.79 -6.42 -5.63 -6.50 0.35 -0. 35
-6.39 -6.91 -6.18 -7.01 -6.26 -7.13 0 35 -0.35
-6. 50 -7. 13 -6.50 -6.93 -6.69 -7.20 o.26 -0.26
-6.46 -7.05 -6.38 -6.73 -5.98 -7.05 O. 33 -0,33 At--
-6. 42 -7. 29 -6. 69 -7.49 -7. 05 -7.32 0. 32 -0. 32
-6 95 -6, 85 -6. 93 -6. 93 -7.01 -7. 01 0. 0.
Test S 4 . . . . .

-7.56 -7.44 -7.44 -7.72 -7.72 -7.99 0.07 -0. 07
-6981 -9 03 -7.20 -7.91 -7.32 -9.07 0.45 -0.45
-7. 60 -8. 46 -7. 72 -6. 74 -7. 68 -9.12 0. 51 -0. 51
-7.95 -. 99 -9.11 -. 82 -8.23 -9. 17 0.45 -0,45 0
-907 -9,06 -7.68 -9.06 -8.19 -9.02 0. 53 -0. 53
-9 50 -9.33 -9.31 -9.37 -9.66 -9.29 0.42 -0.42 X
-9.25 -9.76 -9.25 -10,04 -9.45 -10.00 O. 31 -0.31 -.r"
-9. 17 -9.72 -9.49 -10.16 -9.37 -10.31 0.36 -0.36 . - "-
-9.37 -10.04 -9.41 -10.06 -9.49 -10.04 0,31 -0.31 -
-9. 84 -1039 -9. 94 -10. 79 -9. 88 -10.29 0 31 -0. 31

-10. 04 -10. 04 -9. 94 -9. 64 -10. 06 -10. 06 -0. 00 -0. 00
Test 0 5

-1 35 -10.75 -10.75 -10.7 -10.7 -10.91 0 09 -0,09

%a
\ e,

..... "" "-- '-.- - .- '. ..........- '" "-.,.'. -..
. 
, .'..... . . . .....-... ...... -...... ..... .. .....~~~~~~~~. . . . . . . . . .... .... ,_. .. '.......'......,...".
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-10.16 -10.o7 -10.213 -to '75 -10 39 -11. 19 0.30 -0 30
-10.51 -11 18 -10 94 -11.42 -10.98 -11.34 0.25 -0 25
-10,93 -11.54 -11.38 -12.1 -11 42 -12.29 0 37 -0 37 -P
-11.02 -11. 73 -11. 14 -11. 97 -11 22 -11 97 0. 3 -0 38
-11. 57 -12.17 -11.93 -12.76 -11.95 -12-44 0,33 -0.33 -
-12 24 -12.80 -12.44 -22.87 -12. 64 -13. 31 0.28 -0.2 8- --- --- ,
-12.20 -12.64 -12.60 -13. 11 -12.64 -M3 07 0.23 -0.23 - -.-
-12.13 -12.99 -12-56 -13. 19 -12 44 -13 15 0 37 -0. 37 ,:.-.'.
-1303 13-31 -12. --3., -13.35 -3- 59 0.1 -0. 18
-13.23 -13.23 -13.43 -13.43 -13, 15 -13.15 0. 0

Te st 6 -

-12.95 -13. 11 -13.11 -13.07 -13.07 -13 15 0.03 -0.03
-12 .24 -13. 19 -12.32 -13.23 -12. 49 -13 23 0 43 -0. 43
-13,07 -13.94 -13. 11 -13.62 -12.99 -13.98 0.43 -0. 43
-13.50 -24.65 -13.58 -14.57 -13.43 -J4. 76 0. 5 -0.59
-15. -16.72 -13.6 -14. 30 -14. 4 -14. 26 0. 45 -0. 45

14t-15.5 -1.06 -15.0 -16.22 -15. -16 0.49 -0.49

-15 00 -15.83 -14.65 -15. 93 -15,00 -15.98 0.5 e -0,50 • 
l

-15. 55 -16. 06 -15.0OB -16:,.22 -15. 55 -16. 06 0. 36 -0.36

-16. 02 -16.46 -6. 06 -16. 61 -16. 10 -16. 69 0. 26 -0. 26
-16. 42 -16. 42 -16. 26 -16. 26 -16. 34 -16. 34 0. 0.

Test 7

-13.11 -13. 19 -13.19 -13.19 -13.19 -12.95 -0.03 0.03
-12. 76 -13. 66 -12. 99 -13. 23 -12. 83 -13. 46 0 30 -0. 30 •
-13. 39 -14. 25 -13.35 -13. 99 -13. 31 -14. 049 0. 3 -0. 39
-13. 86 -14. 84 -14. 13 -14. 65 -14. 06 -14. 72 0. 36 -0.36
-14. 37 -15. 08 -14. 37 -14. 96 -14. 13 -14. 89 0.34 -0, 34
-14. 8O -15. 67 -14.76 -15. 55 -14. 69 -15.47 0. 41 -0. 41
-15. 31 -16.26 -15.47 -16.02 -15.28 -16.02 0.37 -0.37

5-1. 94 -16. 46 -1. 94 -16. 46 -15. 75 -16. 61 0. 34 -0. 31
-16. 14 -16. 77 -16. 02 -16. 65 -15. 75 -16.61 0. 35 -0.35
-16.46 -17. 13 -16.30 -16. 85 -16. 38 -17.09 0. 32 -0. 32 0
-18. 93 -16. 93 -16.77 -16. 77 -16.77 -16.77 0. 0,

Test * 8

-12. 3 -12. 76 -12. 76 -12. 76 -12. 76 -12 72 -0. 02 0. o
-12. 4 -129. 9 -12. 36 -13. 15 -12. 69 -12. 0 0. 25 -0. 25
-12. 95 -14. 02 -13. 11 -13. 94 -13. 15 -13. 82 0. 43 -0. 43
-13.90 -14.45 -13. 7 -14,.69 -13.70 -14.45 0.37 -0. 37
-13. 74 -14. 90 -13. 86 -14. 57 -13. 82 -14. 61 0. 43 -0. 43
-14.57 -15.16 -14.45 -15.24 -14. 37 -15.39 0.40 -0.40
-15. 35 -16. 18 -15.20 -15. 99 -15. 35 -16. 10 0. 39 -0. 39
-15.24 -16.26 -15.63 -16.22 -15.29 -16.30 0.44 -0.44
-15. 51 -16. 30 -15. 63 -16. 18 -15. 75 -16. 42 0.33 -0. 33
-16. 50 -17. 01 -16. 06 -16. 99 -16 39 -17. 05 0. 33 -0. 33
-16. 85 -16. 85 -16. 73 -16. 73 -17.01 -17.01 -0. 00 -0. 00

Test * 9

-12.20 -12 20 -12.20 -12.09 -12.09 -11.69 -0.09 0.09 •
-11.69 -12. 52 -11.91 -12 44 -11.61 -12.01 0 31 -0. 31
-12. 44 -13. 50 -12. 32 -13. 27 -12. 13 -2. 40 0 . -0. 38 --

-12. 95 -13. 70 -12. 91 -13. 94 -13.03 -13, 07 0 30 -0. 30
-13.46 -14.29 -13.31 -14 25 -13. -13 96 0.26 -0.29
-14. 02 -14.92 -13.86 -14.72 -14. 3 -14. 06 0.25 -0.25
-14. 84 -15. 51 -14. 49 -15. 43 -13. 74 -14.84 0. 45 -0. 45
-15. 16 -16. 02 -15. o -1. 98 -15.39 -15.59 0. 33 -0.33
-15 .3 -16.06 -15.59 -18 14 -15.79 -15.$3 0. 14 -0. 14

. . . - . .... '..?..........,....
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-16. 02 -16.89 -15.91 -16.61 -16. 42 -15. 99 0. 19 -0 19?
-16. 50 -16. 50 -16.04 -16. 06 -16. 61 -16. 61 0. 0

Test * 10

-11.54 -11.57 -11.57 -11.54 -11.54 -11.38 -0.03 0.03
-11. 10 -12.01 -11.26 -11.89 -11.30 -11.91 0.34 -0 34
-11.99 -12.72 -11.91 -12.52 -11.65 -12.36 0.37 -O 37
-12. 69 -13. 31 -12. 40 -13. 31 -12. 52 -12. 95 0. 33 -0. 33
-12.90 -13.66 -12.60 -13.54 -12.90 -13.43 0.41 -0.41
-13. 50 -14. 17 -13. 46 -14. 02 -13. 43 -14. 02 0. 0 -. 3
-14. 13 -14.890 -14.,13 -14. 76 -14. 02 -14. 61 0. 31 -0. 31
-14.57 -15.29 -14.45 -15.29 -14.53 -15.04 0.34 -0 34
-15.00 -15.67 -15. 16 -15.47 -14.96 -15. 63 0 26 -0.28
-15.59 -15.94 -15.43 -15.987 -15. 16 -15.71 0.22 -0.22
-15. 91 -15. 91 -16. 06 -16. 08 -16. 02 -16. 02 -0. 00 -0. 00

0
Regress ion Equation

-3.37*T14 - .23e-3*T2*X -1.62*T3 +O.82*Tl
+ 119.56

. ... . . . . ..
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X AXIS
'-. RESULTS OF ROLL ERROR (arc-sec)

X axis at 30. 000 "rsY axis at 140. 000 mres

Z axis at 349.999 as
Ref is * ve on right

Test • 1

Pos 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400. 450. 500.
TEMP 25.45 25.92 35.15 26-," 200 26.3
TEMP 25. 63 26. 75 25. 95 25. 92 26.07 25. 77
TEMP 27.17 25.41 25.06 25.29 40.26 26.31
MEAN 1.87 2.09 2.07 1.83 2.08 1.73
MEAN 1.57 1.23 1.53 1.30 1.17
SD 0.94 0.69 0.44 0.46 0.31 0.22 - * 

-

SD 0.29 0.10 0.29 0.22 0.14
Test" 2

P0S 0. 50. 100. 150. 200. 250. '
POS 300. 350. 400. 450. 500. *
TEMP 26.15 27.33 36.24 27.03 26.81 27.79 %- z,.-.%-,
TEMP 26. 32 27. 64 26. 42 26. 32 26. 94 26. 20
TEMP 27.96 26.09 25.49 26.03 41.60 27.21
MEAN -0. 05 0. 05 -0. 15 -0. 12 -0. 37 -0. 52
MEAN -0. 73 -0. 77 -0. 73 -1. 05 -0. 90
SD 0.05 0.08 0.24 0.15 0.05 0.16
SD 0.10 0.12 0,0 01. 0.09

Test S 3

- PDS 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400. 450. 500.
TEMP 26.48 28.25 36,70 27.1 27.52 28.25
TEMP 26.74 28.01 2674 26.66 27.45 26.54 --' ,
TEMP 28. 33 26. 42 25. 76 26. 40 42. 05 27. 69
MEAN -1.92 -1.83 -1 75 -1. 58 -1.92 -2.33
MEAN -2.09 -2.59 -275 -2.42 -2.67 7 -

SD 0.20 0.41 0,27 0.38 0.20 0.26
SD 0.38 0.38 0.27 0.20 0.26

Test 54

POS 0. 50 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.

TEMP 26. 60 29. 24 36 92 2.46 2%r8* 20. 59 .8. .
TEMP 27. 02 28.36 27.02 26.92 27.70 26.82
TEMP 28.53 26.67 25.92 26.63 42.29 29.04 S
MEAN -10. 42 -9.92 -10. 00 -10. 08 -10.33 -10.33
MEAN -10. 42 -10. 92 -10. 67 -10. 76 -10. 50 t
SD 0.20 0.20 0. 0.20 0.26 0.41 K .
SD 0.38 0.20 0.41 0.40 0.45

Test • 5 '' t 9

P0S 0. 50. 100. 150. 200. 250. .,",,

Pos 300. 350. 400. 350. 500. 0
TEMP 26.75 31.09 37.35 29.33 29.37 28.96
TEMP 27.35 28.72 27.33 27.29 29.11 27.13
TEMP 28.77 26.94 26.13 26.96 42.43 29.40..
MEAN -24. 00 -24. 09 -24. 00 -24. 08 -24.58 -24. 75 "'
MEAN -24. 83 -24. 92 -25. 00 -25. 00 -25. 00

-..

-. 9'. "-T"- " ."
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V... SD 0. 0.20 0. 0.20 0.20 0.27 -
SD .26 0.20 0. a. 0.

Test 0 6

Pas 0. 50. 100. 150. 200. 250.
P0S 300. 350. 400. 450. 500.
TEMP 26.43 32.66 37.21 29.90 30.16 29.26
TEMP 27.70 29.02 27.65 27.53 2. 16 27. 14
TEMP 29.70 27.01 25.40 26.43 42.49 29.65
MEAN -24.75 -24. 17 -24. 58 -24. 83 -24. 83 -25. 00
MEAN -25.00 -25. 00 -25. 00 -25. 00 -25. 00
SD 0.27 0.41 0.20 0.41 0.26 0.
SD 0. 0. 0. 0. 0.
Test 0 7

Pas 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400. 450. 500.
TEMP 26.55 30.99 37.24 20. 6 296.14 29.36
TEMP 27.83 29.24 27. 73 27. 53 29. 27 27. 12
TEMP 28. 83 27. 12 25.60 26. 53 42. 39 28. 80
MEAN -25.0 -25 17 -25. 00 -25. 00 -25. 17 -25.080
MEAN -25. 33 -25. 42 -26.00 -25. 84 -26. 00
SD 0.20 0.26 0. 0. 0.41 0.20
SD 0.52 0.49 0. 0.39 0.

Test 0 .

P09 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400. 450. 500.
TEMP 26.29 34.03 37.19 30.57 31.15 29.72
TEMP 29.23 29.65 28.23 28.06 29.67 27.65
TEMP 29.04 27.55 26.11 26.96 42.15 29.31
MEAN -2.75 -2.33 -2.42 -3.00 -2.92 -3.00
MEAN -3.00 -3.00 -3.00 -3 00 -3.67 .
SD 0.27 0.52 0.49 0. 0.20 0. ,, ,'
SD 0. 0. 0. 0. 0.26

ACTUAL DATA

SPREAD
Up Down .- . ,

Test # 1
0. 2.00 2.00 2.30 2.30 2.60 -0.43 0.43 .- .
0.70 2.20 2.30 2.30 2.60 2.40 -0.22 0.22 ..

1.20 2.00 2.30 2.30 2.30 2.30 -0.13 0. 13
1.10 1.90 1.50 2.20 2.20 2.20 -0.23 0.23
1.50 2.10 2.00 2.30 2.30 2.30 -0. 15 0.15
1.30 1.90 1.80 1.90 1.80 1.80 -0.10 0.10
1.10 1.90 1.40 1.80 1.90 1.50 -0.13 0 13
1.10 1.20 1.40 1.20 1.30 1.20 0.03 -0.03
1.40 1.10 1.90 1.50 1.90 1.50 0 17 -0. 17
1.40 0.90 1.50 1.20 1.40 1.40 0 13 -0 13
1.00 1.00 1.20 1.20 1.30 1.30 -0.00 -0.00
Test 0 20
0. 0. 0. -0. 10 -0. 10 -0. 10 0 02 -0. 02
0. 0.20 0. 0.10 0. 0. -0.05 0 05

-0.10 -0.20 0.30 -0.30 -0.40 -0.20 0.09 -0 o.
-0.30 0. -0.10 0. -0.30 0 -0.12 0 12
-0.40 -0.30 -0.40 -0.30 -0.40 -0. 40 -0.03 0 03

~, •l.

.... ..

-~~~~~~~~~~~~~~. . . . ..-..... .... ....:. : :.. ...... . :.:::;: • . -. :::::::::::
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-0.50 -0.50 -0.90 -0.50 -0.30 -0.50 -0.02 0.02
-0.60 :0. 70 -0.90 -0.80 -0.70 -0.70 0. 0.
-0.70 -0.90 -0.90 -0.90 -0.60 -0.70 0.03 -0.03
-0.70 -0.90 -0.70 -0.70 -0.70 -0.70 0.03 -0.03
-0.90 -1.20 -0.90 -1.20 -0.90 -1.20 0.15 -0.15
-1.00 -1.00 -0.90 -0. 90 -0.80 -0.90 0.00 0.00
Test 6 3v

-1. 50 -2.00 -2.00 -2. 00 -2.00 -2.00 0.09 -0.09
-1. 50 -1. 50 -1. 50 -2.00 -2.00 -2. 50 0. 17 -0. 17
-1.50 -2.00 -1.50 -2.00 -1.50 -2.00 0.25 -0.25
-1.50 -1.00 -1.50 -1.50 -2.00 -2.00 -0.00 0.09
-2.00 -1.50 -2.00 -2.00 -2.00 -2.00 .. O9 0.09 A. J

-2.00 -2.00 -2.50 -2.50 -2.50 -2.50 0. 0.
-2.00 -1.50 -2.00 -2.00 -2.50 -2.50 -0.09 0.09
-2-00 -2-50 -2.50 -3.00 -2.50 -3.00 0.25 -0.25
-2.50 -2.50 -2.50 -3.00 -3.00 -3.00 0.09 -0.09
-2-00 -2.50 -2. 50 -2. 50 -2. 50 -2. 50 0. 09 -0. 09
-2.50 -2.50 -2.50 -2.50 -3.00 -3.00 0. 0.
TestS 4

-10. 00 -10. 50 -10. 50 -10. 50 -10.50 -10. 50 0. 00 -0. 09
-9.50 -10.00 -10.00 -10.00 -10.00 -10.00 0.08 -009o

-10. 00 -10. 00 -10. 00 -10. 00 -10. 00 -10. 00 0. 0.
-10.00 -10.00 -10. 00 -10. 00 -10. 50 -10. 00 -0. 09 0.08
-10. 00 -10. 00 -10. 50 -10. 50 -10. 50 -10. 50 0. 0.
-10. 00 -10.00 -10. 00 -10. 50 -10. 50 -11. 00 0. 17 -0. 17

-.- 10.00 -10.00 -10.50 -10.50 -10.50 -11.00 0.08 -0.00
-- 11.00 -10.50 -11.00 -11.00 -11.00 -11.00 -0.00 0.08

-10.00 -10.50 -11.00 -10.50 -11.00 -11.00 0. 0.
-10.05 -11.00 -10.50 -11.00 -11.00 -11.00 0.24 -0.24
-10.00 - 10.00 -10.50 -10.50 -11.00 -11.00 0. 0. .t

TestS 5 ..

-24. 00 -24. 00 -24. 00 -24. 00 -24. 00 -24. 00 0. 0.
-24. 50 -24. 00 -24. 00 -24. 00 -24. 00 -24. 00 -0. 08 0. 09
-24. 00 -24. 00 -24. 00 -24. 00 -24. 00 -24. 00 0. 0.
-24. 00 -24. 50 -24. 00 -24. 00 -24. 00 -24. 00 0. 06 -0.09
-24. 50 -24. 50 -25. 00 -24. 50 -24. 50 -24. 50 -0. 00 0.09
-25. 00 - .4. 50 -24. 50 -25. 00 -25. 00 -24. 50 -0. 09 0.00
-24. 50 -25. 00 -24. 50 -25. 00 -25. 00 -25. 00 0. 17 -0.17
-24. 50 -25. 00 -25. 00 -25. 00 -25. 00 -25. 00 0. 08 -0. 09
-25. 00 -25. 00 -25. 00 -25. 00 -25. 00 -;6. 00 0. 0.
-25. 00 -25. 00 -25. 00 -25. 00 -25. 00 -25. 00 0. 0.
-25. 00 -25. 00 -25. 00 -25. 00 -25. 00 -25. 00 0. 0.

Test 0 6
-25. 00 -25. 00 -25. 00 -24. 50 -24. 50 -24.50 -0. 00 0.09
-24. 00 -24. 00 -24. 00 -24. 00 -25. 00 -24.00 -0. 17 0. 17
-24. 50 -24. 50 -24. 50 -24. 50 -25. 00 -24.50 -0.08 0. 08 .. ~..J
-25. 00 -25. 00 -25. 00 -24. 00 -25. 00 -25. 00 -0. 17 0. 17
-25. 00 -24. 50 -25. 00 -24. 50 -25. 00 -25. 00 -0. 17 0. 17
-25. 00 -25. 00 -25. 00 -25. 00 -25-00 -25. 00 0. 0.
-25. 00 -25. 00 -25. 00 -25.00 -25. 00 -25. 00 0. 0.
-25. 00 -25. 00 -25. 00 -25. 00 -25. 00 -25.00 0. 0.
-25. 00 -25. 00 -25. 00 -25. 00 -25.00 -25.00 0. 0.
-25. 00 -25.00 -25. 00 -25. 00 -25. 00 -25.00 0. 0.
-25. 00 -25. 00 -25. 00 -25. 00 -25.00 -25 00 0. 0.

TestS 7
-25. 50 -25. 00 -25. 00 -25. 00 -25. 00 -25.00 -0.09 0. 09
-25. 00 -25. 00 -25. 50 -25. 00 -25. 50 -25.00 -0. 17 0. 17
-25. 00 -25. 00 -25 00 -25. 00 -25. 00 -25.00 0. 0.
-25. 00 -25.00 -25. 00 -25. 00 -25. 00 -25. 00 0. 0.
-26-00 -25.00 -25. 00 -25. 00 -25. 00 -25. 00 -0. 17 0 17.

h , - .. .

. . . . . . . . . . . . .% .-
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-25 50 -25. 00 -25.00 -25. 00 -25. 00 -25 00 -0.08 000
26 00 -25. 00 -25 00 -25. 00 -26 00 -25 00 -0. 33 0. 33 O

-26 00 -6 .00 -25 00 -25.00 -25-50 -25 o -0. oe 0 0
-26 00 -26 00 -26 00 -26.00 -26 00 -26 00 0. 0,
-2600 -2600 -25.05 -26.00 -26.00 -26. o.1, -00 16
-26. 00 -26. 00 -26. 00 -26 00 -2. 00 -26. 00 0. 0.

-2.50 -3.00 -3.00 -2.50 -2.50 -3.00 0.08 -0.08

-2.00 -2.00 -2.00 -3.00 -2.00 -3.00 0.33 -0.33
-2.50 -2.00 -2.00 -3.00 -2.00 -3.00 0.25 -0.25 .
-3. 00 -3. 00 -3. 00 -3. 00 -3. 00 -3. 00 0. 0.
-3. 00 -2. 50 -3. 00 -3. 00 -3. 00 -3. 00 -0.06 0. 0.
-3.00 -3.00 -3.00 -300 -300 -300 0. 0
-3.00 -3.00 -3.00 -3.00 -3.00 -3.00 0. 0.
-3.00 -3.00 -3.00 -3.00 -3.00 -3.00 0. 0.
-3.00 -3.00 -3.00 -3.00 -3.00 -3.00 0. 0.
-3.00 -3.00 -3.00 -3-00 -3.00 -3.00 0. 0.
-4.00 -4.00 -3.50 -3.50 -3,50 -3.50 0. 0. 0 4

Regression Equation..

-33.91*T9 + 21.74*T13 - 5.01*T15 - 0.63e-4*X*T5 
r

+ 416.68 -

, .

7"m'-*.;.-'.* .
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X AXIS
RESULTS OF YAW ERROR (are-sees)

Y axis at 111.999 owes
7 axis at 660.400 -s (indep)
Dir of loser F

Test * 1

P09 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.
TEMP 24.58 24.98 34.39 24.56 24.56 24.92
TEMP 24.38 24.85 24.38 24.36 24.46 24.38 ~

SD 0. 19 0.44 0.56 0.52 0.59 0.61
SD 0.67 0.72 0.75 0.83 0. £0
Test 0 2

P09 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.
TEMP 24.95 25.95 34.837 280-sq 20--4t 25.76
TEM1P 24.69 25.39 24.63 24.60 24.92 24.60
TEMP 26. 54 24. 75 24. 41 24. 58 39. 93 25. 02
MEAN -1.27 -0.42 0.73 2.28 4.06 5.78
MEAN 7.49 9.34 11.12 12. 88 13.37
SD 0. 19 0.40 0.Z5 0.6Z 0.60 0.71
SD 0.80 0.92 0.8E6 0.93 0 14

Test * 3

POS 0. 50, 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.
TEMP 25. 30 27. 80 35. 46 26. 46 26. 69 26. 53
TEMP 25. 11 26.11 25.01 24.96 25.49 24.96
TEMP 27. 04 25. 16 24. 62 24. 99? 40. 73 25. 65
MEAN -3.86 -2.97 -1.71 -0.09 1.62 3.39
MEAN 5 11 7. 11 8. 96 10.77 11.39
SD 0.22 0.40 0.53 0.65 0.65 0.73
SD 0.89 0.78 0.95 0.87 0.00

Test *4

P09 0. 50. 100. 150. 200. 250.
P09 300. 350. 400. 450. 500.
TEMP 26.02 31.93 36.41 -.2G-f6 29-61P 27.67
TEMP 26 08 27. 16 25. 79 25. 71 26. 35 25. 59
TEMP 27.72 25 94 24.63 25.37 41.86 26.65
MEAN -5.66 -4.92 -3.50 -1.71 0.13 2.09
MEAN 4.07 6.25 8. 19 9.85 10.14
SD 0. 15 0.79 0.74 0.82 0.79 0.95
SD 1 00 1 02 1. 12 1.07 0. 14

Test 0 5

P09 0. 50. 100. 150 200. 250. -

P09 300 350. 400. 450. 500.
TEMP 26 95 33. 10 37.27 28.56 29.93 28.37
TEMP 26 76 27. 83 26 37 26 24 27 17 26 24
TEMP 28 42 2,. 54 25 58 26.24 42 40 27.34
MEAN -6 54 -5 61 -4 26 -2 36 -0 45 1,33
MIEAN 3 42 5.37 7. 32 9. Ob 10.0+
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SD 0.04 0.42 0.52 0.79 0.75 0.63
SD 0.79 0.95 1.01 0.99 0.21

Test 0 6PO0 . 50. 100. 150. 200. 250. ,." %. ..

POS 300. 350. 400450. 500. 28 77 89

TEMIP 27. 05 33. 94 37. 81 29. 22 30.63 28 95 , ,TEMP 27. 39 26. 39 26 92 26. 8O 27. 78 26. 80

TEMP 28.85 27.02 26.02 26. 75 42.87 27.98
MEAN -6.96 -6.03 -4.70 -2 89 -1.27 0.91
MEAN 2.93 5.07 7.28 9.25 9.46

50D 0.07 0.65 0.79 0.98 0.99 0.90
SD 1.11 1.15 1.17 1.14 0.07To s. t 0 7"' 

,,POS 0. 50. 100, 150. 200. 250. 2719,.2 21
POS 300. 350. 400. 450. 500..""'''' 

.,
TEMP 27.23 34.22 38.24 29.50 30.96 29.30

TEMP 27. 74 28. 79 27. 30 27.18 2821 27.18
TEMP 29.14 27.33 26.28 27.06 43.14 28.40
MEAN -7.48 -6.57 -5.28 -3. 5 -1.63 0.36 L

MEAN 2.46 4.57 6.75 8.65 9.29
SD 0.04 0.53 0.62 0.64 0.6 0.75
SD 0.87 0.99 0.94 1.03 0.12

Test 0 9

P0S 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.
TEMIP 27.23 35.24 38.41 a39--0 3i- - 30.02 -

TEMP 28.49 29.58 28.10 28.00 29.10 27.97
TEMP 29. 53 27.99 26 82 27 6 43. 41 29.29

MEAN -8.33 -7.73 -6.27 -4.42 -2.49 -0.56..

MEAN 1.46 3.74 5.95 7.81 8.32 , - . ,
SD 005 0.64 0.88 0.78 0.83 0.9
SD 1.09 1.07 1.03 1.10 0.09 %

Test 0 9

POS 0. 50. 100. 150. 200. 250 .
POS 300. 350. 400. 450. 500.
TEMP 27.18 33. 03 37.96 29.31 30 53 29.97
TEMP 28.61 29.80 28. 29 28. 14 29.05 27.88
TEMP 29.39 27.90 26 53 27.41 43.34 29.46
MEAN -4. 00 -3. 09 -1. 54 0. 22 2. 19 4. 17
MEAN 6. 13 9. 45 10. 30 12. 11 12. 83
SD 0.31 0.69 0.67 0.69 0.96 0.90
SD 0.95 1.16 1.06 1 03 0. 21
Test 0 10

POS 0. 50. 100. 150. 200. 250.
Pas 300. 350. 400. 450. 500.
TEMP 27.16 33. 06 38.19 30.46 31. 19 30. 13
TEMP 20. 64 29. 93 28. 47 28. 35 29. 30 28. 1
TEMP 29. 59 27. 96 26. 88 27.76 43. 21 29. 6

lMEAN -4.25 -3.20 -1.75 -0.14 1.76 3.76 -

MEAN 5,70 7.95 10,04 11.94 12.29
SD 0.06 0O50 0.65 0.68 0 69 0.73
SD 0 9 3 0.99 0.87 0.98 0 11 . . ,

.I

... ".. .. .

- , .. •....

,:-. . . . --.-. , -. . - .. . . . .. ' " -.. ,' -, . . ... .,. .-. .'. .' -- '.-.'.. -.'- . . . . . .... 
. . .'.. . . . . . .... .... .... . . ..
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, . %

'-"~~ &"-"-

ACTUAL DATA

SPREAD "

-0.04 -0.16 -0.16 -0.39 -0-39 -0.5 0.09 U-0.09
0.16 07 -01 0.3 -0.35 0.43 -0.36 0.36 p.
0.94 1.89 0.75 1.89 0.75 1.65 -0.50 0.50 -e e p
2.36 3.27 2. 13 3. 15 2.20 3.07 -0.47 0.47 .
3.98 4.96 3.70 4.94 3.66 4.65 -0.52 0.52
5.47 6.57 5.28 6.39 5.20 6.26 -0.54 0.54
7.09 8.27 6.91 8.11 6.81 7.91 -0.60 0.60
6.78 10.08 8.62 9.96 8. 58 9.84 -0.65 0.65

10. 59 11.97 10,47 11.81 10.31 11.61 -0.67 0.67
12. 13 13. 66 12. 01 13. 54 11. 97 13. 43 -0. 75 0. 75 t
13. 39 13. 39 13. 39 13. 39 13. 19 13. 19 0. 0.

Test * 2
-0.91 -1.26 -1.26 -1.39 -1.38 -1.42 0.09 -0.09
-0.35 0. -0, 87 -0.08 -0.94 -0. 28 -0.30 0.30
0.51 1.34 0.20 1.22 0.04 1. 06 -0.48 0.48
1.89 2 95 1.91 2.76 1.50 2.90 -0.55 0.55
3.70 4.72 3.66 4.53 3.23 4.49 -0.52 0.52
5.35 6.57 5.12 6.34 4.96 6.34 -0.64 0.64
6.e5 9.35 6.73 9. 15 6.69 8. 15 -0.73 0.73
8.70 10.35 8.46 10.09 .39 10.09 -0.83 0.83

10.59 12.01 10.31 21195 10.12 11.91 -0.77 0.77
12.13 13.92 11.97 13,79 12.01 13.5 -0.85 0.85
13.54 13.,4 13,35 13.35 13.23 13.23 0. 0.' *-., ,

Test * 3
-3. 74 -3. 70 -3. 70 -3.B6 -3.86 -4.29 0. 09 -0. 09
-3.03 -2. 64 -3.43 -2. 64 -3.46 -2.60 -0. 34 0. 34
-2. 13 -1. 10 -2.28 - 1. 22 -2.17 -1.38 -0.49 0.49 8 -- '-
-0.47 0.71 -0.79 0.43 -0.71 0.31 -0.57 0.57 , . -R

0.94 2.36 1.06 2. 13 1. 10 2. 13 -0.59 0.59
2.72 4.13 2.60 3.98 2.87 4.02 -0.66 0.66 .,
4.49 6. 18 4. 17 5.75 4.29 5.79 -0.79 0.79
6.42 7.91 6.42 7.91 6.39 7.64 -0.71 0.71I8.03 9.80 8.23 9.76 8.31 9.61 -0.77 0.77

10.04 11.57 9.98 11.65 10.00 11.46 -0.79 0.79
11 38 11.38 11 38 11.39 11.39 11.38 0. 0.

Test 0 4
-5.63 -5. 71 -5. 71 -5. 51 -5. 51 -5. 91 0. 05 -0. 05
-5 51 -4.33 -5.63 -3 90 -5.71 -4.45 -0.70 0.70
-4,29 -2 72 -4,13 -2 69 -4.02 -3. 15 -0.65 0.65
-2 48 -0.98 -2.52 -0 83 -2.36 -1.10 -0.74 0.74
-0.47 0.98 -0.55 0 67 -0,71 0.87 -0.71 0.71
1.22 3,07 1.22 2.8 7 1.22 2.91 -0.87 0.97
3 15 4.96 3.27 5,09 3.07 4.92 -0.91 0.91
5. 20 7 24 5. 31 7 17 5. 43 7. 13 -0. 93 0. 93
7.20 9.49 7 20 9 21 7. 13 890 -1.01 1.01 .-
8.82 10 71 8 86 10 83 8. 94 10. 94 -0 98 0. 99
9 96 9.96 10.24 10.24 10.24 10.24 0. 0.

Test 0 5 .-... ''..

-6. 54 -6 50 -6 50 -6 57 -6 57 -6. 54 0.00 0.00
-5 98 -5 43 -5 83 -5 16 -6. 10 -5. 16 -0.36 0. 36
-4 65 -3 .9 -4 76 -3 59 -4.72 -4.02 -0 45 0.45
-2 95 -1 85 -3 15 -1 65 -3 11 -1.46 -0.71 0. 71
-1 10 0,47 -1 02 -0 12 -1.2z 0.29 -0.66 0.66
0 59 2 13 0 S3 1 61 0 91 1V99 -0 55 0. 55 ..

72 4 17 2 64 3 94 2 76 4 29 -0 72 0 72
4.57 4 26 4 A7 6.0? 4 . q 6.4 -0-0 0.96

%...: ..

. -. . .

.. -... ,.,. .. ............................... ,.... .......... ... ,....-... -.-..... -,,..:,-..,-......,.. .'
-- - --- - -'., '_-=' .%:'--,, ... •-,'* ".*.'.:, ... : ". . -. ... "- ',".,"."., ... . ."'." ."..""....--..* ".. .. -.. .... . ... ,-. , .. . ' ".

....... . . . _.. ; ' -:- * ... A .? J : £ .
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6 26 8 15 6 57 9 39 6 38 915 -0.91 0 91
a 07 9 76 9 27 9 96 8 23 10.20 -0.69 0 89

Tt9 7 6  
9 76 10 16 10 16 10 20 10.20 0 0

-6 93 -7 05 -7 05 -6 89 -6 89 -6,93 0. 0.
-6 6 - 5 63 -6 57 -5 24 -8 65 -5.47 -0.59 0 58
-50 -3 94 -5 47 -3 98 -5 67 -4.09 -0.70 0.70
-3 54 -2 01 -3 52 -2 32 -3.90 -1 69 -0.97 09 87
-1 93 -0 39 -2 09 -0 47 -2 20 -0. 51 -0.81 0 91

0 31 : 61 00 4 1.91 -0 09 1.73 -0.91 0 81
2 28 4 02 1 73 4. 02 1 61 3.74 -0.99 0.99
4 41 6 06 3 86 6 38 3 96 5 83 -1.02 1.02 %
6 50 8 07 6 14 a.66 6,06 8 23 -1.04 1 04
e 19 10 20 9 56 10.35 7.91 10 29 -1.02 1.02

Test49 9 49 9 53 9 53 9.37 9. 37 0 0.
-- 7. 5. -7.44 -7 ,4 -7.52; - 52 -7,.44 -0-0 0.0o1,-,. ..--7 , -5 ,e -7 01 -is -7. 09 -6. 10 -0.48 0 46 .-,'- ..

-5 87 -4 53 -5 87 -4. 84 -5 79 -4.80 -0.56 056
-4.21 -2.91 -4. 13 -2.95 -4. 13 -3. 11 -0.59 0. 58
-2 28 -0.93 -2.1 7 -1. 14 -2.28 -1.06 -0.62 0.62
-0 29 1. 14 -0.35 1. 10 -0 31 0.87 -0.68 0.68

1.65 3.46 1.73 3.23 1.65 3.03 -0.78 0 78
3. 74 5.55 3.66 5.47 3.62 5.35 -0.89 0. 89
802 7.80 5.91 7.64 5.79 7.36 -0.35 0.85
7 83 9.69 7.83 9. 53 7.48 9. 53 -0.93 0.93
9, 13 9. 13 9 41 9. 41 9. 29 9. 29 0. 0.

- Test 8
-8 39 -8. 27 -8. 27 -9. 35 -8 35 -8. 35 -0. 01 0. 01
-8.31 -7. 13 -9.31 -7.32 -9.31 -7.01 -0.58 0 59

. -7. 13 -5.43 -7. 13 -5. 51 -6.97 -5,47 -0.90 0.80 5
-5.31 -3. 0 -5. 12 -3.78 -4.88 -3.90 -0.69 0 69
-3.31 -1. 5 -3.35 -1.89 -3.03 -1.50 -0.74 0. 74 -
-1. 38 0. 39 -1.50 0. 04 -1.22 0. 28 -0. 80 0 9o
0.55 2.20 0.31 2.68 0.55 2.44 -0.98 0.98
2987 4.69 2.91 4.72 2.52 4.72 -0.97 0. 97
4 96 6. 85 5.04 7. 13 5.08 6.65 -0.93 0.93 " - -
6.77 8.90 6.77 8.78 6.89 8. 79 -1.00 1.00 ---- -
8.31 9.31 8.23 8.23 8.43 8. 43 0. 0.

Test • 9 -..- ,
-4.61 -3. 96 -3. 96 -3. 82 -3. 82 -4. 02 -0. 10 0. 10
-4. 13 -2.32 -3.58 -2.64 -3.27 -2.60 -0.57 0.57
-2.32 -0.98 -1.97 -0.79 -2, 13 -1.06 -0.60 0.60
-0.87 0.83 -01 6 O. 75 0. 0.75 -0.56 0.56

1. 14 3.31 1.69 3. 15 1.22 2.64 -0.94 0. 84
3.11 5.04 3.54 5.04 3.43 4.84 -0.81 01,-
4.88 6.77 5.67 7. 17 5.35 6.93 -0,83 0.83
6.93 9.49 7.52 9.49 7.83 9.45 -1.02 1.02
9.02 11.06 9.61 11.34 9.41 11.34 -0.95 0.95

10.94 12.95 11.10 13.03 11.50 13. 11 -0.93 0.93
12.56 12.56 12.95 12.95 12.99 12.99 0. 0.

Test S 10
-4.17 -4.29 -4.29 -4.29 -4.29 -4.17 0, 0. V
-366 -2.83 -3.58 -2.76 -3.70 -2.64 -0.45 0 45 '-.
-2.36 -1. 10 -2.40 -1. 19 -2.24 -1.18 -0.59 05 ,9 0
-0.79 0.39 -0.87 0.47 -0.59 0.55 -0.61 0 61

1. i8 2. 40 1. 10 2. 36 1. 14 2. 36 -0 62 0 62
3 03 4 41 3 15 4 45 3 11 4 41 -0 66 0 66 .
4.96 6.46 5. 00 6 50 4 88 6 42 -0 75 0 75
705 8 74 7 24 8 82 7 17 8 70 -08o 08o

,*.°. ' ,

". .-.. .

• . .. .. . . . ... -..
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v.

9.25 10.98 9.29 10.67 9.21 10.83 -0.79 0.79

11.18s 12.91 11.06 12.80 10.91 12.78 -0.89 0.89

12.40 12.40 12.17 12.17 12.29 12.29 0. 0.

Regress ion Equat ionS

O.35e-1*X -1.16*T2 + 1.42*T8 -8.94

-'A.

At 0

S: r
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100.0j

z

LL3

i: 0.0-

0::

-100 00 100 200.0 300.0 400.0 500.0 600.0
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TESTI & ?EST2 +~ TES73 X TESTN 0 TESTS + TESTS X TEST7 Z TESTS y TESTO X TESTIO

8.000

CD 6.000-

a- 4.000-

-2.000

-200.0 0.0 200.0 200.0 300.0 400.0 500.G 68-o 0
POS ON Y RXIS mm
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Y AXIS

RESULTS OF POSITION ERROR (Imcron)

X aais at 140. 000 mmS
Y axis at 140. 000 mms
Z ails at 230.000 muns
Di, of laser F -

Test 0 1

POS 0. 50. 100. 150. 200. 250.

PO 300. 350. 400. •

TEMP 25. 75 27.99 27. 91 27. 33 27.97 27.28

TEMP 27.50 27.09 26.55 26.13 25.9 25.79 . "

TEMP 25.66 29.55 27.50 26.94 26.65 26.45 •. . .,,. •_

TEMP 26.16 39.79 26.50 2

MEAN 10. 33 -10. 93 -7. 97 -2. 92 -3. 62 2 28

MEAN 3.13 9.68 10.53

SD 5.02 1.30 0.91 0.58 0.67 0.69

SD 0.833 1.21 0.40
Test 2

P09 0. 50. 100. 150. 200. 250., ,

POS 300. 350. 400.

TEMP 27. 38 32. 77 32. 77 30. 35 29. 93 29. 93
.' . TEP 29 74 28.88 28. 57 2B 6 27. 37 27• 25

TEMP 27.47 41.96 29.10
MEAN 5.69 -4.19 1.09 7.59 9.50 13.10 . .

MEAN 21.92 30.35 31.53 1..97" .

SD 0.71 0.92 1.56 2. 17 1.97 1.79

SD 2.42 3.60 0.09

Test 3 L

PO9 0. 50. 100. 150. 200. 250.
POS 300. 350. 400.

TEMP 27.75 37.42 37.47 33.57 30.69 31.73

TEMP 31.78 31.30 30.96 30.47 29.57 29.79

TEMP 28. 23 35. 69 32. 05 30. 84 30. 50 29.38

TEMP 29. 01 42. 50 29. 10

MEAN 20. 95 26. 57 35. 54 45, 64 50. 67 58 04 1A
MEAN 69.47 91.92 85.74

SD 2.33 1.93 1.79 2.94 2.41 2.67

SD 3.27 4.54 3.54 ..-.

Test * 4 .. ,"'.'

POS 0. 50. 100. 150. 200. 250. .- ,

POS 300. 350. 400.

TEMP 27.75 37.42 37.47 33.57 30.69 31.73

TEMP 31.78 31.30 30.96 30.47 29.57 29.79

TEMP 28. 23 35. 69 32 05 30. 84 30. 50 29 38

TEMP 29.01 42.50 30.80

MEAN 20. 85 26 57 35. 54 45. 64 50. 67 58. 04

MEAN 6.47 81.82 85.74
SD 2.33 1.93 1.79 2.94 2.41 2.67 . . -

SD 3.27 4.54 3.54
Test 0 5*

Po 0. 50 100. 150. 200. 250.
-r'op 400 19.. 8o3 3.'-'-

........... . . . ~~.-.. .. . .. . .. . .. . .. . .. . .. . .. . .

k 
o ,  •. . . . .

. . .. . . . . . . . . . . . . . . . . . . . . . . . .
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%

IEMP 32 44 32.07 31.95 31.22 30 57 29 0 -
TEMP 29.01 36 15 32.73 31 52 31 25 29 99
TEMP 29.74 42.67 30. 80 . --
MEAN 25.90 32.22 40.87 5205 5035 620 3.62
MEAN 76. 55 90. 60 95.7 %

SD 1.93 1.78 1.99 3.01 2.73 2 93
SD 3.69 4.66 3.22
Test 6 6

P090.50 100. 150. 200. 2530.
POS 30. 3, 400.
TEMP 27.50 37.88 39.41 35.34 30 50 32 95
TEMP 32.66 32.47 32.51 31. 57 31.03 29 65
TEMP 29.11 36.42 32.92 31.52 31.20 29 96
TEMP 29.67 42.38 31.00
MEAN 40.85 48.90 60.26 73.35 91,47 91 17
MEAN 103.70 119.35 125.26
SD 2.09 2.06 2.80 3.57 3.33 3 92
SD 4. 61 5.89 4.48
Test 6 7

Pos 0. 50, 100. 150. 200. 250.
Pos 300 350, 400. . .. ,4
TEMP 27.33 35.79 36. 74 33.66 30.29 32 33
TEMP 32.37 32.35 32.47 31.50 31. 41 29 95
TEMP 29.63 34.62 32.62 31 53 31.50 30 27
TEMP 30.10 42.23 31.50
MEAN 13.67 19.65 26.33 36.59 41.74 47.75
MEAN 57. 33 70. 09 74. 04
SD 0.38 0.72 1.41 2.75 2. 11 21 It-
SD 2.87 4.09 0.23

POS 0. 50. 100. 150 200. 250.
POS 300. 350. 400.
TEMP 27.35 36.09 37.91 35. 12 29.39 32.23 , "
TEMP 32.20 32.30 32.44 31.52 31. 19 29.70 -..
TEMP 29.39 36.09 32.40 31.43 31.29 30.12 "*
TEMP 29.85 41.20 31.50
MEAN 40.87 49. 55 61.32 73.75 81.30 91. 19 . -
MEAN 104.79 120 43 126.33 .. '.*..
SD 1.5 4 1.92 2.21 3.21 2.84 3.65
SD 4.34 5.32 4.42
Test 0 9

POS 0. 50. 100. 150. 200. 250. ."- A

P09 300. 350 400.
TEMP 27.23 36 20 38.09 34.9 29 89 32. 09
TEMP 31.93 32.17 32.39 31.51 31.22 29.74
TEMP 29. 42 35.81 32. 24 31. 29 31. 13 30. 03
TEMP 29.74 40. 76 31. 50
MEAN 44. 59 53.00 64. 52 70. 15 85.91 95. 50
MEAN 108. 85 124. 68 129. 70
SD 1.87 1. 86 2. 34 3.61 3.06 3.61 .. '.
SD 4. 49 5. 43 4. 39
Test 0 10

P-9 0. 50 100. 150. 200. 250.
Po 300. 350. 400
TEMP 26 63 35 84 38 07 34 93 28 55 31 a8

4 .A A

. . .% ... ." . . . . . . .

k....-...;......

***. -, *
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TEMP 31. 1 32 15 32.34 31.42 31.13 29.70TEMP 29.41 35.65 32. 13 31.16 30.94 3o. 01
TEMP 29.65 40.44 31.00

MEAN 45. 77 53. 85 65. 73 78. 83 86. 35 96. 17
MEAN 109.30 124.39 129.96
SD 1. 55 1.99 2.54 3.41 3.05 3.63

*SD 4.49 5.49 4.089s
'.'. . ..

ACTUAL DATA

SPREAD
'Up Down """"

Test 0 1 '

0. 10 12.30 12.30 12.30 12.30 12.70 -2.10 2. 10
-9.70 -11.90 -9.50 -12.20 -10.10 -12.20 1.17 -1. 17
-7. 30 -8. 0 -6.60 -. 20 -7. 90 -9. 00 0. 70 -0.70
-2. 11 -2.91 -2.50 -3.01 -3.69 -3.40 0.15 -0.15
-3. 49 -2. 50 -3.91 -3.40 -4. 50 -3. 91 -0. 35 0. 35
-1.30 -1.69 -2.81 -1.60 -3.30 -2.50 -0.35 0.35

3. 11 4.30 2.20 3.69 2.20 3.30 -0.63 0.63 •
8.9 11.20 9.09 10.59 8.00 10.31 -1.02 1.02

10.99 10.99 10.50 10.50 10.10 10.10 0. 0. ,
Testl 2 2 ."

4.90 5.20 5.20 6.00 6.00 6.80 -0.32 0.32
-3. 10 -3. 70 -4. 70 -3. 80 -5. 40 -4. 40 -0. 22 0. 22

1.40 3.10 -0.40 2.10 -1.10 1.40 -1.12 1.12 .
7.00 10.50 6.00 8.10 4.59 9.29 -1.72 1.72 0
8.80 11.99 7.71 11.31 7.10 10.10 -1.63 1.63
12.70 15.50 11.60 14.10 10.70 14.01 -1.44 1.44
21.00 24.81 19.81 24.20 18.71 22.40 -1.98 1.98 ..
28 69 34. 61 27. 10 33. 1 26.00 31. 89 -3.09 3 09 '...-
32.59 32.59 31.40 31.40 30.61 30.61 0. 0.

Test * 3

24.90 21.40 21.40 19.60 19.60 18.20 1.12 -1. 12
29. 10 29. 20 26. 60 26. 20 25. 00 24. 30 0.33 -0. 33
36. 90 37. 90 35. 10 36. 10 33. 10 34. 10 -0. 50 0. 50
45.91 49.80 43.90 47.61 41.31 45.39 -1.97 1.97
51.41 54.20 49.70 52.00 47.20 49.50 -1.23 1.23
59.91 61.71 57.01 59.10 54.50 56.00 -0.90 0.90
70.01 73.30 67.20 69.79 63.90 66.59 -1.43 1.43
82. 31 89. 59 78. 49 84. 81 75 81 80.90 -2.95 2. 95
99.91 89.81 95.51 95.51 81.91 81.91 0. 0.

Test 0 4

24.90 21.40 21.40 19.60 19.60 18.20 1.12 -1. 12
29.10 28.20 26.60 26.20 25.00 24.30 0.33 -0.33
36.90 37.90 35. 10 36.10 33.10 34.10 -0.50 0 50
45.91 49.80 43.90 47.61 41.31 45.39 -1.97 1. 97
51.41 54.20 49.70 52.00 47.20 49.50 -1.23 1. 23
59.91 61.71 57.01 59. 10 54.50 56.00 -0.90 0.90
70.01 73.30 67.20 69.79 63.90 66.59 -1.43 1 43
82. 31 8. 59 78. 49 84. 91 75. 91 80. 90 -2. 95 2 95
89.91 89.91 95.51 85 51 81.91 91.91 0. 0

Test 0 5

28. 70 26. 70 26. 70 24 70 24. 70 23. 30 0. 90 -0 90

". . . .%.. . . . . . . .. . . . . . . . . . . . . ..
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34. 60 33. 90 32 10 32. 10 30. 30 30. 30 0. 12 -0. 12
42 40 43 50 39.80 40.90 38.20 40.40 -0.73 0.73
52. 40 56. 40 49. 80 53. 50 47. 70 52. 51 -2, 08 2. 08
59. 69 62. 19 56.70 59.80 54.31 57.40 -1.45 1. 45
68, 10 70.21 64.90 67.31 61.90 64.80 -1.24 1.24
77.91 82.31 74.31 78. 19 71.81 74.80 -1.90 1.89
90.61 97. 60 67. 10 93.90 83.80 90.61 -3.43 3.4399. 30 99. 30 93 .61 95. 61 92. 10 92. 10 0. 0. ..

Test 0 6

43.90 41.90 41.90 39.80 39.80 37.90 0.99 -0.98
51.90 50. 40 49. 10 48. 70 47. 30 46. 10 0. 50 -0. 50
62.60 64.00 59.80 60.90 56.90 57.60 -0.55 0.55
75. 10 78. 60 71. 79 76. 10 68. 41 73. 10 -2. 08 2. 08
83.40 86.20 80.00 92.79 76.930 79.61 -1.40 1.40
94. 10 96. 41 9. 60 92. 41 85. 49 89. 00 -1.44 1. 44
106.41 109.99 101.41 105.99 96.98 101.50 -2.10 2.10
120.70 127.81 115.91 122.99 110.81 117.89 -3.55 3.55 ,. -
130.49 130.49 124.79 124.79 120.51 120.51 0. 0.

Test 0 7

14. 30 13. 80 13. 90 13. 40 13. 40 13. 30 0. 17 -0. 17
19.20 19.50 18.20 19.90 17.50 18.60 -0.35 0.35
25.50 28.20 25.00 27.40 24.80 27. 10 -1.23 1.23
34.61 39.51 34.10 38.70 33.60 39.00 -2.49 2.48
39.51 44. 10 39. 90 43.50 40.10 43.30 -1.90 1.90
46.40 50.20 45. 30 49. 39 45. 90 49. 30 -1.99 1.99
55. 21 60. 79 54. 81 59. 39 54. 29 59. 51 -2. 56 2. 56
66.99 74 59 66.19 73.70 66.01 73.00 -3.68 3.68
74.01 74.01 74.31 74.31 73.79 73.79 0. 0.

Test 0 ,

42.80 41.90 41.80 40.10 40. 10 39.60 0.70 -0.70 """
52 40 51.10 49.70 49.80 47.80 47. 50 0.42 -0.42
63.00 64.50 60.80 61.40 59.30 59.90 -0.62 0.62
74. 91 78.29 71.90 75.81 69.31 72.30 -1.71 1.71
83.30 85.21 80.20 82.31 77.39 79.41 -1.00 1.00
94.10 96.21 89.71 92.30 86.70 88. 10 -1.02 1.02
106. 90 110. 90 102. 51 106. 99 98. 60 102. 81 -2. 12 2. 12
121.89 128 30 117.40 123. 11 112.70 119.20 -3. 10 3. 10
131.29 131.29 126.31 126 31 121. 40 121.40 0. 0,

Test 6 9

47.00 45 60 45 60 43 80 43.80 41.70 0.99 -0.99
55.20 55. 10 52. 50 53, 00 51.60 50.60 0. 10 -0. 10
66,40 67.90 63.50 64.90 61.70 62.70 -0.65 0.65
78.99 63.9 0 76. 10 79.90 73.30 76.90 -2.02 2 02
e7.91 90.19 94.59 97.10 91.70 e4.00 -1. 19 1. 18
97.90 100.60 93.90 96.80 90 61 93.20 -1.37 1.37
110 81 115. 11 106.29 111.39 102. 39 107.09 -2. 35 2. 35
125.70 132.69 121.19 127.69 116.91 123.90 -3.41 3.41
134 70 134.70 129.49 129.49 124.91 124.91 0. 0 ., '

Test 0 10

47.90 46.60 46.60 45. 10 45. 10 43.40 0.73 -0.73 .,...."

55s0o 56.00 53 20 54. 50 51. 50 52.10 -0.35 0.35
67.JO 69.20 64.80 67 00 62.00 64,30 -1.10 1. 10
79. 19 93 69 76. 51 91 21 74. 01 79 40 -2.27 2 27 0
s 600 90 61 84 59 87.90 82.00 85 10 -1.49 1 49

97. 79 101 30 94 50 98 o 90. 90 94 50 -1. 77 1 77

,. .,.

°, % ,°'

.- " --. - . - .: --- ". , = - " . " " •. " -. . .. - - :/ ..'." ." ." --" -" . °. .--.'..'i'.,' . .*
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11091 115-30 106 51 112.30 10260 IoM 31 -2.67 2 67 .
125.21 131.90 120.61 12.60 116.61 123.41 -3.59 3.58
134. 61 134. 61 129. 79 129. 79 125. 49 125. 49 0. 0.

' I

,-. !..,- ,,

... ... ..
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ST TE 2 TE.- ET ET ET TSIZT~qyTS9 TSi

2000

15.00

*.z
". .

LLJ* 10.00

TtTz tT ET ET ET ET E~zTSSyTS9~TSI 131

0.00-

0.0 50.0 100.0 150.0 200.0 250.0 300.0 250. c
POS. ON Y RXIS mm 0

0'...
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Y AXIS % -
RESULTS OF HORIZONTAL STRAIGHTNESS (micron)

K ils at 197.64 am%
1 ::,zI: at 299.99 urns
Z axis at 168 36 urs"
Dir of laser F

Test*

POS o 50 100 150. 200 250. 300.
TEMP 19 93 22. 10 23 52 23.70 20.97 22. 53
TEMP 2288 22.39 22.76 21.58 21.76 20.95
TEMP 21.02 24.82 22.85 22.36 22.39 22.05
TEMP 22 00 33 26 2273
MEAN -1 17 -0. 34 -0. 58 -0. 60 0. 53 -0 61 -1. 10
SD 0 19 0. 15 0.23 0. 10 0. 16 0.51 0.24
Test# 2 ' V--

POS 0 50 100. 150. 200. 250. 300
TEMP 19. 83 22. 55 24.57 24.32 20.97 23. 04
TEMP 23.07 22.58 23.02 21.81 22.01 21.22
TEMP 21 22 25.97 23.27 22.60 22.87 22.23 . - - -
TEMP 22. 28 33. 44 22. 97
MEAN 0. 13 -0.76 0.01 0.79 1.97 1.69 0. 13
SD 0.05 1.70 1.66 1.27 1.20 1.23 0.05
Tests '

P05 0. 50. 100. 150. 200. 250. 300.
TEMP 18. 80 20. 59 22. 99 23. 24 20.07 22.23
TEMP 22 18 21.93 22.37 21.16 21.41 20.69
TEMP 20.79 24.22 22.30 21.9e 21.91 21-.83
TEMP 21. 58 32.23 22 24-.. -
MEAN -0 68 -1 43 -0.94 -0. 16 0.99 0.43 -0.73
SD 0, 19 1 35 1.39 1.27 0.97 1.07 0. 14
Test* 4

Ps 0 50. 100. 150 200. 250. 300
TEMP 19 77 22 92 24,64 24.25 21.12 22.92
TEMIP 22 85 2235 -"2. 72 2>1. 69 21-.71 2>1. 12 "".''.

TEMP 21 09 26 19 23. 19 22. 50 22. 45 22. 16
TEMP 21 94 33.22 30. 27
MEAN -3 07 -2. 46 -1. 72 -2. 47 -1.93 -2. 22 -3. 07
SD 0 23 0 48 0. 51 0,31 0.73 0.69 0.23
Test# 5

POS 0. 50 100 150 200. 250. 300
TEMP 20. 33 25 67 27. 43 25. 64 22. 15 24. 07
TEMP 23.B5 23.36 23.60 22.72 22.49 21.83
TEMP 21 63 27. 53 24 37 23. 38 23. 33 22.74
TEMP 22 49 34. 20 32. 40
MEAN 15 29 16. 60 16. 56 16. 19 16. 89 15. 9 15. 30
SD 0 04 0.66 0.71 0.53 0.49 0 38 0
Test* 6 0

POS 0 50 100 150 200. 250 300 ---- : - -

TEMP 20 33 26 31 29.12 26 24 22,40 24 47 . "
"tEMP 214 25 23 71 23 95 23 07 22 79 22 10..
TEMP 1 83 28 05 24 69 23 7) 23 6 22 94

.. " -- '

I1
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Tes** ,

...

P0s 0. 50 100 150 200 250. 300.
TEMP -21 00 .-27. 13 29 11 26 93 22 78 25. 07
TEmP 24. 75 24. 23 24. 4e 23. 47 23 22 22 48
TEMP 22 .-26 28. 54 25. 19 24. 09 24. 19 23. 18 .,'-r. . .
TMP 23. 20 34 40 42. 61

;"MEAN 16. 72 18.6b4 18. 29 18. 09 17. 89 18,26 16. 70 --.- *
i $D 0. 12 0.26 0. 33 0. 29 0. 56 0. 60 0 09.'-. -",,.-.

Test* 7 , .

PaS 0. 50. 100. 150 200 250 300-
TEMP 21 215 27.55 30.01 27 57 22. 96 25 79

;'v. "....25. 1".

TEMP 25.22 2.5 5.30 24 07 23.92 23 08

TEMP 22. 81 2e. 55 25. 59 24. 58 24. 91 23. 60
. ~TEMP 23.75 35.07 45 79 "" --,''''

MEAN 14.8 15. 55 15 56 16.27 16.03 15.58 14 90
SD 0.04 0.44 0.49 0 60 0.65 0.37 0.
Test* 9

Pas 0. 50. 100. 150. 200. 250. 300.
TEMP 21.00 27.55 29.89 28.26 22.94 25.91
TEMP 25. 62 25. 32 25. 64 24. 39 24. 27 23. 21
TEMP 22. 99 29, 16 25. 79 24. 99 24. 98 23. 90
TEMP 23. 80 35. 02 46. 36
MEAN 13.35 14.90 15. 1 14.31 13.86 13.52 13.33
So 0.28 0.70 0.63 0.58 0.67 0.44 0.27
Test* 10

P0s 0. 50. 100. 150. 200. 250. 300.
TEMP 20. 83 24. 34 27. 45 27. 55 22. 56 25.81
TEMP 25. 39 25. 44 25. 86 24. 21 24. 56 23. 25
TEMP 23.20 27.30 25.42 24.78 24.99 24.02
TEMP 23. 94 34.90 47. 33 ,. ..-

MEAN 14, 55 16. 25 16. 66 16. 09 14. 99 14. 70 14. 57
SD 0. 16 0.51 0.48 0. 70 0.99 0.98 0. 19

ACTUAL DATA .

SPREAD
Up Down - .,

Test*m I
-1.20 -1.20 -1.20 -1.30 -1.30 -0.80 -0.07 0.07
-0. 48 -0 48 -0. 45 -0. 17 -0. 22 -0. 23 -0. 04 0. 04
-0. 47 -0. 57 -0. 60 -0. 23 -0.93 -0 67 -0. 09 0. 09
-0 55 -0.75 -0.55 -0 70 -0 55 -0.50 0.05 -0.05 -
0.57 0.37 0.40 0.63 0.43 0.77 -0.06 0.06

-0.22 0.08 -1. 15 -1.03 -0.99 -0.37 -0. 17 0, 17
-1.20 -1.20 -1.30 -1.30 -0.90 -0.80 0.00 0.00 , "

m TestOm 2
0 10 0. 10 0. 10 0.20 0.20 0. 10 0. 0. 0

-2 37 0. 93 -2.18 0. 33 -2. 33 1. 15 -1 53 1.53 * -

-1 43 1. 37 -1.77 1. 37 -1 27 1.80 -1. 50 1. 50
-070 1.70 -0.45 2 10 0 10 1,95 -1 13 1 13

0 43 2 63 0.97 2 73 1.07 3.40 -1 05 1.05

.... . ................ __.. ...........................
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0 Z7 47 0 78 3 07 0 73 8 5 -1 10 1 10
0 10 0 o 0 0-0 0 20 0 10 0 0 0

-0 40 -0 60 -0 60 -0.90 -o0,9o -0 70o 0 05 -0 05 %. < ;
-2 29 -0. 52 -k 73 -0 is -2 90 0,03 -1.2 1 t 1 2"'3

-0 4 5 0. 95 -1! 60 0. 95 - 1 70 0 90-1 O I 0° "
0.67 2 23 -0 03 1 . 7 -0. 10 1.3 -1.0 1 09
o 18 1. B2 -0 97 0.68 -0. 50 1. 37 -0. 86 0.86

-0.60 -0 60 -0.9 0 -0. 90 -0. 70 -0. 70 0. 0.•
Test* . 4

-. 78 -2. 3 -2.78 -2. 7 -307 -. 0B3 -0 42 0 2 '-' ;'- 2 .57? - 1 37 - 1 .6 7? - 1 73 - 1 9 3 - 1 0 7 - 0 . 33 . 3 3 . ; . ,, ,_.
-3. 03 -1. 43 -2. 43 -1. 57 -2.07 -1,.03 -0. 59 0. 58 ''T-3. 12) -1. 37 -Z 62 -2.43 -2-.03 -1. 57 -0. 43 0.43 ---
-2.80 -2.80 -3. 30 -3. 30 -3. 10 -3. 10 0. 0 ',.,

15. 2 0 15 30 15."30 15."30 15-"30 15."30 -- 02 0 hO02"r
17. 05 16.,07 17. 17 16.2-'7 17. 33 15. 73 0. 58 -0. 5B

16. 65 16.0O0 16. 60 15. 70 16. 70 15 50 0. 46 -0. 46
17. 30 17. 07 16. 87 16. 17 17. 43 16. 53 0. 31 -0. 31
16. Is 15. 33 16, 13 M5 53 16. 27 15. 67 0. 30 -0. 30
15.30 15. 30 15, 30 15, 30 15. 30 15. 30 0. 0.

Test* , 6
14. 40 14, 40 14, 40 14. 30 14. 30 14. 10 0. 05 -0. 05
15.2;5 15. 65 M5 38 15. 47 15.1 1B'5. 65 -0. 16 0. 16
15. 30 15. 50 15. 27 15.43 15. 37 15. 60 -0. 10 0. 10
15.85 16. 05 16 05 16. 00 15. 65 16. 05 -0.0 0 .09
15. 90 15. 80 15,.83 15. 67 153.63 15,.20 0. 12 -0. 12~~~~~15. 15 15. 25 15.22 1.5 03 1.9' 1.0 00 .0
14. 40 14. 40 14. 30 14. 30 14. 10 14. 10 0.0O0 0.0

Test* 7
16, 90 16. 60 16. 60 16. 70 16. 70 16.8 0 .02 -0, 02
19. 10 is. 55 18 62 18, 43 18. 75 18. 37 0, 19 -0. 19

is. 5o 17. 75 18. 05 17. 90 19.2 5 18,20 0. 1"7 -0. Is.18.0O0 17.30 18. 27 17. 23 18. 70 17. 87 0. 43 -0. 43 r " 
* '

17. 80 17 75 17. 88 18. 47 1B 35 1 9. 33 -0,25 0,25
1& 60 16 60 16 70 16. 70 16. 80 16. 90 -0. 00 -0.0

Test* a
14. 80 14.90 14. 90 14. 90 14. 90 14. 90 -0-02 0. 02 ' -
I5.55 16 07 15.,27 15, 47 14. 93 16.03 -0. 30 0. 30
15.0O0 16.03 14,9q3 15. 73 15. 57 16. 07 -0 39 0. 39
15.6 5 1&. 60 15 50 16. 50 1[6. 30 17. 1 0 -0. 46 0. 46
16. 50 16.27 15, 77 15. 47 15.2 3 16.93 -0. 19 0. 19015. 55 15 93 15 03 15.9=3 15. 27 15. 77 -0. 30 0. 30
14.90 14 90 149 4 0 14.90 14. 90 0. 0.

Test* =9=
13. 50 13 00 13 00 13. 60 13. 60 13. 40 0, 02 -0. 00=
15, 37 03 98 15. 30 14. 80 15. 43 13.90 O, 5; -0 5716. 03 14. 37 15 50 15. 30 15. 37 14. 50 0. 46 -0. 46 '' ' .'!'
14.9=0 13 55 14 70 14. 20 14. 80 13. 70 0. 49 -0. 49
14.9=7 13.23 13 90 o3. so 14. 13 13. 10 0. 48 -0 4e
13 93 13 22 13 70 0. 9o0 13. 57 12. 80 0.21 -0. 21
13.00 13-00 13, 60 13. 60 13. 40 13. 40 -0.0O0 -0 0

Test* 10
14 70 14 50 14 50 14 40 14. 40 14. 80 -002 0 0.1'""'"



__ .... . . -

r

U,. 252

16.40 15.77 17.03 15.62 16.40 16.27 0.36 -0 36

16.90 16 13 16.97 16.03 17.30 1&6. 3 0.33 -0.33

16. 10 15.00 16. 50 1565 17.00 1630 0.44 -0.44
5.0 197 15.93 13.97 15.50 14.57 0.76 -0.78

15.00 1. 1 1 J4 08 16. 10 14.63 0.72 -0.'2

14.50 14.50 14.40 14.40 14.90 14.0 -0.00 -0.00

Regression Equation

20.97'T5- 11.05*Ti -3.79*T14- 123.43

-::.,:::.?.:

° S .- .

__ .,S :-

r _~i!i!)i:

*. ... ". ..

.,1-, ,,'.I ,:
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TESTI + ET TEST3 X TESN * TESTS + TESTS

W0.00

20.00-

I-

LUJ

Z0ia.00

0.0 50.0 100.0 1 F2.0 P.71 250.0 300.0 K 0 .0
-03, ON Y( RXIS mm
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TESTI 6 EST2 +TEST3 X TEST'I * TESTS + TESTS z-

2.500-

2.000-

o1.500-

z

LU

> .500-4

0.0 50~.0 ll'3.0 152.0 200.0 250.0 3c0.0 - 50.0
FOS ON Y RXIS mm
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Y AXIS ''' 4
RESULTS OF VERTICAL STRAIGHTNESS (micron) ;' m'-m

X ::i at 164. 440 mm, N. %.
x ,,i, at 299. 9 .ms 9..ji .
Z axis at 162.9" ems
Dir of laser F

Test* 1

POS 0. 50. 100. 150. 200. 250. 300.
TEMP 24. 27 27. 01 38.21 28 09 26, 43 27. 26
TEMP 27. 53 26. 48 26 87 25. 50 25. 57 24. 59
TEMP 24. 51 29. 62 27. 33 26. 57 26. 67 25. 74
TEMP 25.59 38808 26.97 ,. -
MEAN -1.17 -0.48 -1.46 -1.93 -1.98 -1.86 -1.40
SD 0.64 1 45 1. 13 1.24 1.19 1.37 0. 15
Test* 2

Pos 0. 50. 100. 150. 200. 250. 300.
TEMP 24. 92 28. 23 29. 87 29.69 27.30 28.70
TEMP 28. 65 28. 04 28. 43 27.01 27. 16 26. 18
TEMP 26.13 30.81 28.79 28.01 28.11 27.33 rI.
TEMP 27. 18 39 81 28. 46
MEAN 0.22 0.80 0.01 -0.48 -0.54 -0.35 -0.03
SD 0.59 1.01 1.07 0.93 1.20 1. 10 0. 10
Test* 3

POS 0. 50. 100. 150. 200. 250. 300.
TEMP 24.68 29 41 31 .04 30.53 27.41 29.07 -

TEMP 29. 09 28. 36 28. 78 27. 46 27. 48 26. 43
TEMP 26. 31 32 16 29. 22 29. 31 28.36 27. 56
TEMP 27. 36 39.61 29 62
MEAN 2. 05 3.51 2.53 2.16 2.07 2.04 2.67
SD O.08 1.29 0.88 1.03 1. 14 1.02 0.05
Test* 4

POS 0. 50. 100. 150. 200. 250. 300.
TEMP 24. 85 30. 36 32. 1 31. 20 27. 31 29. 39
TEMP 29. 29 28. 63 29. 02 27.82 27.63 26. 65
TEMP 26. 38 32. 83 29. 46 29. 48 28.49 27. 75
TEMP 27. 46 39. 70 36. 54
MEAN -7. 25 -6. 76 -7. 63 -8. 19q -8. 34 -8. 54 -7. 47
SD 0.52 1.41 1.75 1.70 1.70 1.62 0.46
Test* 5

POS 0. 50. 100. 150. 200. 250. 300.
TEMP 24.78 31.97 33.91 32.29 27.35 29.74
TEMP 29. 57 29.01 29 35 28. 30 27. 94 26. 94
TEMP 26 ,57 33. 55 29. 84 28. 77 28 74 27. 91
TEMP 27. 62 39. 71 38. 04
MEAN -14. 85 -14.59 -15.36 -16.06 -16.08 -15 96 -15.23
SD 0 83 1.62 V 80 2.01 2 09 2 03 0 23
Test* 6

POS 0. 50. 100 150. 200 250. 300. 0
TEMP 24.33 26 17 27.98 29.00 25 83 27 59
TEMP 28 00 27 54 27.98 26.81 26 P1 28.02
TEMP 25 93 29 83 27,81 27 27 27 :)

5  
26 9360

:...m m .:..:.

.* 0

.m ... . . . . . . . . * m

g. .. . .. . . ..
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.* q - o a . ,

TEMP 26,76 37 97 21796
MEAN 15.95 16 74 16 01 15.49 15.08 15 03 15 87
SD 0. 49 1 21 1 32 1. 24 1. 48 1. 53 0 49

ACTUAL DATA -" -"" ~~~...=......Mumma:':,''

SPREAD
Up Down

0. 10 -1. 30 -1. 30 -1. 60 -1. 60 -1. 30 0. 23 -0. 232., 10 -.3 00 -1,7 -0.3 -1,,,, 1.07 -,.0,.7:::::: :.
0.20 -2. 67 -0.8B7 -2.57 -0 87 -1,9 7 0. 94 -0.9,4

-0 20 -3. 40 -1. 15 -3 00 -1. 30 -2. 55 1. 05 -1.05
-0.30 -3.23 -1.23 -3.13 -1.33 -2.63 1.02 -1.02-

.10 -3.47 -0.9 -3.07 . -2.4 1. 13 -1. 13
-1. 30 -1.30 -1. bO -1-10. 30 -1.30 -0.0 -0. 0

1.40 0.10 2. 10 -. 0 .0 -0. 10 0.2 -0.251. 90 -0. 32 1.58B -0. 05 1. 65 0.05 0.91l -0.9 1 ,

3 -1.63 3.07 -1,.6 3.60 -0.97 0.7 -0.78
3.0 -1.15 3.2 -11 29 -0. s .45 0. -0.2 77
1.8 -1.67 3. 03 -0.93 3.40 -1.30 1.02 -1.0
2.1 -1.03 2.97 3, .20 1.32 0.92 -0.92
0.10 0.10 -0.10 -010 -0.10 -0.10 0. 0.

Test* 3

-. 70 2. 90 2.90 2. 90 2. 60 2. 80 -0. 02 0. 02

3.27 1.63 3.07 1 67 3.60 1.97 0. 78 -0. 78 .

3.05 1. -. 230 - 10 2. 0 99 -. 45 O. 93 -0. 92
2 83 1. 07 3. 03 -. 93 3.40 -. 57 1. 02 -1. 02
2:. 92 1. 08 2. 77 0. 97 3. 20 1. 32 0.9@2 "0. 92 _','. . .
21.9 , 2:.9 2o1. 90 21.9 2o 10 2o:.80 o. 0. ..-::': :::

-6. 60 -6. 90 -6,.90 -7, 60 -7. 60 -7. 90 0.2::2 -0. 22
-5.08 -7. 53 -5.62 -8, 03 -5, B8 -6. 43 1.2;4 -1.24
-5. 47 -8. 67 -6. 13 -9.2;7 -6 67 -9.5I7 1. 54 -1. 54 " " "." "

-6.45 -9.20 -6.45 -9.70 -7. 15 -10.20 1.51 -1.51
-6. 63 -9. 43 -6. 47 -9. 63 -7. 43 -10. 43 1. 49 -1. 49
-7. 12 -9.37 -6. 76 -10. 07 -7.42 -10. 47 1. 43 -1.43
-6. 90 -6. 90 -7. 60 -7, 60 -7. 90 -7. 90 -0. 00 -0. 00

Test* 5
-13.20 -15,00 -15.00 -15.20 -15.20 -15.50 0.39 -0.38
-12.69 -15.68 -13.23 -16,07 -13.52 -16. 37 1.45 -1.45
-13.17 -16,47 -13.97 -17.13 -14.23 -17.33 1.59 -1. 59
-13. 55 -17. 65 -14. 70 -17. 90 -14.55 -18.00 1. 79 -1. 79
-13. 13 -17.53 -15. 13 -18 17 -14. 57 -17. 97 1.81 -1 81
-13.32 -17.42 -14.87 -19.03 -15.08 -16.03 1. 54 -1. 54
-15.00 -15.00 -15.20 -15.20 -15.50 -15.50 0. 0.

Test* '6
16. 10 16. 50 16.50 15, 50 15.50 15.60 0.08 -0.08
17. 97 15. 63 17. 78 15. 82 17. 75 15. 47 1. 10 -1. 10
17.13 15.07 17.37 14.83 17.10 14.53 1. 19 -1.19
16.20 15.60 16.75 14,05 16.45 13.90 0.97 -0 98
16. 47 14. 43 16. 93 13 97 15. 70 13. 17 1. 26 -J. 26 -.-.-.
16. 53 14. 17 16 92 13.88 15. 55 13. 13 1.30 -1 30
16.50 16.50 15.50 15 50 15,60 15.60 0 00 0 00 f.

Regression Equation

-17.90*T20 + 30.30"TI 0.96*T21 15.33

. . . . . . . . . . . . . . . . .-... .... . . .

ma a urn. I ii u~~~~~~~I~ . . . . . . . . . . . . . .. . . . . . . . .
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TESTI ATEST2 *TEST3 X TEST4 *TESTS +. TESTS )t TEST7 Z TEST y TESTO TESYIO

-qt

20.00

0.00-

Cr-20.00-

LLU

L)J

Za-

=-46 0 .00

-100.0 0.0 100.0 200.0 300.0 400.0 500.0 600.0
POS. ON Y RXIS mm

*,
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T[STI ,TST[ +TES3 X TESI 0 TEST5 , TT6 x TES zTESTS y 5T9 TES11o

8.000-

6.000-

, - -. -..

.0o - _

5--'. a_-

L)J

S2.000-

" 0.000-

-2.000 , , ,
-100.0 0.0 100.0 200.0 300.0 400.0 500.0 600.0

POS ON Y RXIS mm

* 4

.. , .. .'. , .

~. - ..

. - . . . . . - . . , . . , - . - . - . . - , . . . ... ., - , . . . , , ., - ., - - .. . .. - . .. , .. . . . ., . . . , _ . - . . - . • , , , . . -. . . , , . , . -, ? -, -. , -% -.
.-_ --._.. ..- --;.-.. :,:- _-. ._, .. ,, . ... . '.,.._ ._, . .. ... ," i . , .. . . -J -.. - : - , , .J ".. . ._ , . . ,.."
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% %~ a . , % ., -"

Y *xiV
RESUJLTS OF PITCH~ ERROR (arc-sec) -.

X aXis t 126.573 am$

Y axic at 140.000 oms.
Z ais *t 237.699 mas
Dir of loser F

Test 0 1

P06 0. 50. 100 150. 200. 250. .-"' 
"

,

Pas 300. 350. 400.
TEMP 20.85 21.97 .22-G7 -20L;- 1 22.41 21.07
TEMP 21.70 19.89 19.94 19.97 19.55 18.45
TEMP 18.20 23.60 21.62 20.68 20.31 19.62 -_._.

TEMP 19.25 34.61 21.10

MEAN 0. 26 0. 35 -0. 11 -0. 5e -1. 10 -1. 39
MEAN -205 -2. 61 -2, 51

SD 0, 12 0.35 0.26 0.2b 0.24 0.36

SD O. 41 0.46 0.05 ,'

Pas 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400.
TEMP 22.02 25.21 24.91 23.04 23.81 23.17 4
TEMP 2304 21.96 21.41 20.02 20.00 20.05
TEMP 19.41 26.34 23.66 22.53 21.83 21.07
T'MP 20. 55 35. bb 4b. 30

MEAN 0.35 0.54 -0.06 -0.93 -a. 31 -1.95 ....

MEAN -2.51 -3.14 -2.89 .

SD 0.18 0.58 0,50 0.40 0.51 0.63

90 0.62 0.69 0.31
Test 4 3

P0s 0. 50. 100 150. 200. 250.
P os 300. 350. 400.
TEMP 22. 38 28. 50 28. 50 25. 83 25.00 24. 98 - ..,
TEMP 24.63 23.57 23.33 22.61 21,87 21.40 .. *. -

TEMP 20. 84 29. 55 25.32 23. 97 23.43 22. 44 . . "-.

TEMP 21.90 36.92 46.90
MEAN -4.09 -4.04 -4.69 -5.61 -6.31 -7. 01
MEAN -7 72 -9 .46 -8. 15
SD 0.09 0.6 0.64 0.56 0.65 0.71
SD 0.66 0.71 0.12

Test 0 4 , . ''. -

P0s 0 50. 100 150. 200. 250.
P s 300. 350. 400
TEMP 22.90 30.24 30.49 Z7. 51 -'5. 46 25. 7

TEMP 25.65 24 67 24. 52 .23. 71 23. 05 22. 18

TEMP 21.74 29,76 26.14 24. 72 24.33 23. 05
TEMP 22. 68 37. 41 37. 30
MEAN 1. 26 0,93 0.24 -0.83 -1.74 -2.40

MEAN -3. 34 -4. 25 -4. 50
SD 0.06 0.33 0.24 0.2, 0.30 0. 35
SD 0,38 0 42 0 10
Test 5 -* 4

PZS 0 50. 100 J50 200 250
P0S 300 350 400
TEMP -2 95 32 30 32 76 28 87 25 94 260 7

. . . . . . . . . . .... . . . . . . . ...
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TEMP 26 60 25.74 25.69 24 83 24.20 23 09

TEMP 22.62 30. 77 26 92 25, 50 25.25 23 73TEMP 23.49 37. 99 37."20
MEAN -0. 20 -0 46 -1. 52 -2. 49 -3. 55 -4 21M" EAN -5.28 -6 25 -6. 27

SD 0. 11 0.45 0 40 0 39 0.37 0 45
SD 0.57 0 56 0 05

Test 0 6 I

P0s 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400
TEMP 23.00 33. 29 33. 39 29.42 26.20 27 67
TEMP 27.50 27.13 27.03 26.09 25.59 24.24
TEMP 23.84 30.76 27.74 26.37 26.30 24.65 -- .-

TEMP 24.51 39 31 51. 30 -
MEAN -9.34 -9.63 -10.77 -11.93 -12.97 -13.96
MEAN -15.02 -16.22 -16.05
SD 2. 16 1.81 1.93 1 s0 1. 75 1.79
SD 1.75 1.90 1.77

Test 0 7

P0s 0. 50. 100. 150. 200. 250. , .
Pas 300. 350. 400.
TEMP 22. 65 30.38 32. 10 29. 14 26. 18 27.99
TEMP 27.43 27.11 27.41 25.67 25.69 24.47
TEMP 24. 20 29. 55 27. 70 26. 53 26. 70 24. 99
TEMP 24.93 3e. 29 35. 50
MEAN -0.83 -1.05 -2.09 -3.24 -4.42 -5.34
MEAN -6. 54 -7. 72 -7. 95
SD 0.27 0.59 0.4e 05.0 0.46 0.53
SD 0.63 0.69 0.13

Test 0 8

P0s 0. 50. 100 150. 200. 250. 0
POs 300. 350. 400.
TEMP 22.96 33.59 34.63 31.31 25.0 28.27
TEMP 28. 08 29. 12 29.22 27. 42 26 95 25. 33
TEMP 24.92 31.99 29.47 27.22 26.98 25.90
TEMP 25.5 3 37. 89 46. 50
MEAN -13.83 -14.34 -15.59 -16.79 -17.96 -18.86
MEAN -20.30 -21.24 -21. 57
SD 0.05 0.56 0.47 0.37 0.41 0.50
SD 0.49 0.53 0.03

Test 0 9

P"s 0. 50. 100. 150. 200. 250.
P0S 300. 350. 400.
TEMP 22.79 33.58 35 51 31.62 25 50 29.68
TEMP 28. 24 29. 39 28. 56 27. 63 27. 26 25. 70 "',
TEMP 25. 19 32.11 29.70 27.51 27.19 26.11
TEMP 25. 75 37. 52 49. 10
MEAN -16.60 -17. 17 -19.48 -19.76 -20.95 -21.98
MEAN -23 9 -24.36 -24.66
SD 0.14 0.59 0.53 0.40 0.44 0.47
SD 0.49 0.58 0.05

Test 0 10

Pa s  0. 50. 100 150. 200. 250 -%: 9
POS 300. 350. 400. . . '"":'"
TEMP 22 70 32, ZB 33. 54 30 44 25 37 28 30

Y. •

o. %" % %° _.

"~~~~~~~~~..".e.- .".'.".""" . .... . ""-..... -. ................. . .
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TEMP 27 96 28.2 7 28. 42 27. 74 27. 49 25. 78
TEMP 25. 32 30. 59 29 45 27. 30 27.08 26 17 ,
TEMP 25 68 37. 10 31. 50 , " ,- "
MEAN -6. 15 -6.91 -9. 16 -9.52 -10.74 -11.77
MEAN -13 05 -14.23 -14. 61
SD 0.74 0.54 0.55 0.56 0.55 0.51
SD 0.52 0.74 035

ACTUAL DATA

SPREAD
Up Down

Test * 1
0.04 0.24 0.24 0.35 0 35 0.31 -0.05 0 05
0.43 -0.04 0.67 0. 12 0.93 0.12 0.29 -0.29
0.04 -0.43 0.1 2 -0.29 0 20 -0"31 023 -0.23

-0.43 -0.91 -0.31 -0.71 -0.31 -0 83 0 23 -0.23
-0.91 -1.42 -0.97 -1 26 -0.87 -1.26 0.22 -0.22
-1.22 -1.91 -1.02 -1.61 --0.98 -1.69 0.31 -0 31 . ,
-1.77 -2.49 -1.61 -2.40 -1.65 -2.40 0.37 -0.37
-2. 24 -3. 03 -2. 20 -3 07 -2. 13 -2. 99 0. 42 -0. 42
-2. b -2. 56 -2 52 -2. 52 -2. 44 -2.44 -0. 00 -0. 00 " "

Test 2
028 0.55 0.55 0.31 0.31 0.09 0.03 -0 03
1.02 0.28 1.22 0.04 09 7 -0.20 0.50 -0 50 9.-,
0.35 -0.24 0.43 -0.47 0.31 -0.75 0.43 -0.43 V ".

-0.47 -1. 02 -0. 43 -1. 10 -0. 55 -1, 42 0. 35 -0. 35
-0.93 -1.50 -0.93 -1.69 -0.98 -2.05 0.43 -0.43 *•
-1. 14 -2. 17 -1.22 -2 24 -1.61 -2,72 0. 52 -0 52
-1.91 -2.68 -1.93 -3. 11 -2.24 -3.31 0 52 -0 52
-2.40 -3.35 -2 49 -3 86 -2.90 -3.98 0. 5 -0 59
-2.60 -2.60 -2.90 -2.90 -3.27 -3.27 0. 0.

Test 0 3
-4.06 -4.02 -4.02 -4.09 -4.09 -4.25 0.03 -0 03
-3. 46 -4. 53 -3. 31 -4. 65 -3. 50 -4. 76 0. 61 -0. 61
-4.25 -5. 16 -3.94 -5.20 -4.17 -5.43 0.57 -0 ,57
-5 04 -5.99 -5.12 -6.10 -5. 16 -6.26 0 51 -0 51
-5. 75 -6. 1 -5. 71 -6. 89 -5. 71 -7. 01 0. 59 -0 59
-6 38 -7. 52 -6. 30 -7 44 -6. 50 -7. 95 0. 62 -0 62
-7.13 -819 -7.01 -8.27 -7.24 -8,46 0.59 -0 59
-7. 68 -9.02 -7.99 -9. 09 -7.80 -9. 17 0. 64 -0 64
-8.07 -9.07 -8.07 -9 07 -9.31 -9.31 0. 0

Test 0 4
1 22 1.22 1 22 1 26 1 26 1. 38 -0 03 0 03
1 22 0.63 1.26 0.63 1 22 0 63 0 30 -0 30
0 43 0 04 0.47 0 00 0 47 0.04 0.22 -0 22

-0 97 -0 91 -0.93 -1 06 -0 43 -0 91 0 12 -0 12
-1.42 -1 93 -1 61 -2 13 -1 42 -1.93 0.26 -0 26
-2 20 -2 83 -2 05 -2 68 -2 0J -2 60 0,31 -0 31 *
-2 91 -3 66 -3 03 -3 74 -3 03 -3 66 0 35 -0 35

i"*
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-3.82 -4.61 -3.82 -4.69 -3.98 -4.61 0.38 -0 38 -
-4.57 -4.57 -4.57 -4.57 -4.37 -4. 37 0. 0.

Test 5 5 i-'- -,
-0.04 -0.16 -0. 16 -0.31 -0.31 -0.24 0.03 -0.03 - . ,.
-0. 12 -0.87 0.04 -0.87 -0.09 -0.87 0.41 -0.41 %
-1.30 -1.69 -0.98 -1.81 -1.22 -1.89 0.35 -0.35 "
-2. 17 -2. 80 -2. 09 -2. 83 -2. 17 -2. 87 0. 35 -0. 35
-3.19 -3.82 -3. 19 -3.86 -3.27 -3. 0 0.33 -0.33
-4.69 -5.71 -4.76 -5.71 -4.84 -5.94 0 51 -0.5 
-3.78 -. 5 -. 4695 39 45 04 -0.41
-5.71 -6.73 -5.67 -6.77 -5.87 -677 0,51 -0.51 % "

-6.22 -6.22 -6.34 -6. 34 -6.26 -6.26 0. 0.
Test * 6
-12. 80 -10.20 -10. 20 -8.07 -8. 07 -6.73 -1.01 1. 01
-12. 17 -11.30 -9.61 -9.09 -7.99 -7. 60 -0. 30 0.30
-13.54 -12.32 -11.06 -10.16 -8.94 -862 -0,41 0.41
-14.33 -13.54 -12.24 -11.46 -10.09 -9.92 -0.29 0.29
-15. 16 -14. 76 -12. 95 -12. 83 -10 98 -11. 14 -0. 06 0. 06
-16. 02 -16 10 -13. 66 -13. 82 -12. 01 -12. 17 0. 07 -0. 07
-16. 73 -17. 24 -14. 69 -15. 18 -12. 80 -13. 50 0. 28 -0. 28
-17.99 -18. 54 -15. 55 -16. 42 -13.892 -15. 00 0. 43 -0. 43
-18. 15 -18. 15 -15. 79 -15. 79 -14. 21 -14. 21 0.00 0. 00
Test 0 7

-1. 34 -0- 93 -0. 83 -0. 59 -0. 5 -0. 83 -0. 09 0. 09
-0.98 -1.65 -0.43 -1.42 -0.23 -1. 54 0 49 -0.49
-220 -2.48 -1.50 -2.40 -1.46 -244 0.36 -0 36
-3. 23 -3.74 -2. 4 -3.58 -2 64 -3.62 0. 41 -0. 41
-4. 13 -4.88 -3.90 -4.84 -3.98 -4. 76 0.41 -0. 41
-5. 31 -5. 75 -4. 80 -5. 79 -4. 61 -5 79 0.43 -0.43 § 7 2
-5.98 -7.20 -5.98 -7.01 -5.94 -7.13 0.57 -0.57 .
-7.17 -8.43 -7. 13 -8.31 -6.97 -6.31 0.63 -0.63
-7.95 -7.95 -7.91 -7.91 -7.8 -7. 68 0. 0.

Test l 8
-13. 90 -13. 82 -13. 82 -13. 79 -13. 78 -13. 90 0. 0.
-13.90 -14.69 -13.74 -14.92 -13.90 -14.92 0.50 -0.50
-15.39 -15.83 -15.04 -15.94 -15. 12 -16.18 0.40 -0.40
-16. 50 -16 97 -16. 38 -17. 09 -16. 50 -17. 24 0. 32 -0. 32
-17. 56 -19. 31 -17. 56 -18. 27 -17. 64 -18. 43 0. 37 -0. 37
-18. 39 -19. 33 -18. 39 -19. 25 -18. 43 -19. 37 0. 46 -0. 46
-19. 76 -20. 75 -19. 96 -20. 67 -19. 94 -20. 79 0. 44 -0. 44
-20. 71 -21. 69 -20. 83 -21. 89 -20. 75 -21. 77 0. 48 -0. 48 0
-21.57 -21.57 -21.54 -21.54 -21.61 -21.61 0. 0.
Test 0 9
-16.34 -16.61 -16.61 -16.65 -16.65 -16.73 0.07 -0 07
-16.46 -17.76 -16.69 -17.64 -16.77 -17.68 0.52 -0.52
-17. 80 -19, 13 -18. 07 -1. .74 -18. 19 -18. 94 0. 46 -0. 46
-19.25 -20.12 -19.41 -20.12 -19.53 -20.12 0.38 -0.38
-20 39 -21.30 -20. 51 -21.34 -20 79 -21 39 0.39 -0.39
-21.42 -22. 32 -21. 57 -22.48 -21. 69 -22. 40 0.42 -0. 42
-22. 76 -23. 66 -22. 87 -23. 82 -22.e 7 -23. 70 0. 45 -0. 45
-2.6 -24. 72 -23.862 -25 00 -23. 82 -24. 92 0. 52 -0. 52

24.61 -24 61 -24. 72 -24. 72 -24. 65 -24. 65 0. 0.
Test * 10
-7.32 -626 -826 -6 02 -6.02 -5 00 -0.39 0 39
-7.44 -7 36 -6.38 -7.05 -628 -6.38 . 12 -0 12
-8. 78 -8 78 -7.80 -8.31 -7. 52 -7 76 0. 12 -0. 12

-10 29 -10 08 -9.21 -9 57 -8 86 -9 13 0 07 -007
-11 48 -11 30 -10 28 -10 87 -10 28 -10 28 0 07 -0 07
-12 09 -12 44 -11 34 -11.97 -11.06 -11 69 0 27 -0 27
-13 15 -13 82 -12 56 -13 31 -12 40 -13 07 0 35 -0 35 ".". .

- . .9 .• %.

° °- - "
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-14.29 -15.28 -13.62 -14.69 -13. 19 -14.33 0.53 -0 53

-15 00 -15.00 -14.61 -14 61 -14.21 -14 21 0.00 0 or,

Regression Equation

3.O1*T3 + 3.88*T5 -0.34e-3*T21*Y -0.30*T21

+ 8.99*TI 200.06

.7S
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Y axis *
RESULTS OF ROLL ERRORS (arc-sec) -,"V w....... ...... ............. .. ... '*. :' -

X ais at 140.000 mas ,
Y oxis at 140.000 s-

Z axis at 787.400 mms % -- .

R.f is + onr~ ight % % .
Test 0 1

POS 0. 50. 100. 150. 200. 250
POS 300. 350. 400 450
TEMP 24.90 25. 74 25 91 24.85 26.42 25.52
TEMP 25. 54 24. 39 24. 29 23. 97 23. 77 23.73
TEMP 23. 70 27.23 25.42 24.91 24.71 24.37
TEMP 24. 15 39 74 24.25 " - ',-
MEAN 0 47 -1. 58 -1.67 -1.90 -2.07 -1.75
MEAN -0. 87 -1. 07 -1. 10 -3 00
SD 0 16 2. 1 2. 13 2.41 2.56 2.76 •
SD 2.71 2.74 2.78 0.15

Test 0 2 

" 
15

POS 0. 50. 100, 150 200. 250.
POS 300 350. 400. 450.
TEMP 25 10 27.96 2e 11 26.91 27.25 26.64
TEMP 26.81 25.54 25.39 24. 65 24.43 24.24 '"-

TEMP 24. 14 29. 77 26. 91 25. 91 25. 66 25. 10 *
TEMP 24. 80 39. 33 38. 97
MEAN -6. 45 -9 33 -9. 03 -8 65 -9. 12 -8. 45
MEAN -7. 52 -7. 8 -9. 22 -9. 30
SD 0.0 1.97 2.27 2.36 2.29 2.54
SD 2.51 2.51 2.58 0. 15

Test 3 3

POS 0. 50. 100. 150. 200. ?50. -
POS 300. 350. 400. 450
TEMP 25. 45 30. 27 30. 56 28. 66 27. 80 27.75
TEMP 27. 69 26. 53 26. 46 25. 72 25. 33 24.9
TEMP 24. 67 31. 36 2B. 00 26.8 3 26. 56 25. 75
TEMP 25 48 39.85 41.92
MEAN -5. 52 -7. 49 -7. 30 -9. 22 -9. 59 -7. 65
MEAN -6. 87 -7. 43 -7 38 -9. 00 -

SD O.13 2.66 2.68 2.76 2.94 3.23 , .
SD 3. 03 2. 96 3. 09 0. 09

Test 0 4

POS 0 50. 100 150 200. 250
POS 300. 350. 400, 450-
TEMP 25 90 33. 57 33 93 30 76 28 45 29. 03
TEMP 28. 76 27. 98 27. 76 27 27 26. 49 25. 90
TEMP 25. 46 32. 89 29 37 28. 03 27. 59 26 64
TEMP 26 25 40.43 50 69
MEAN -7.e3 -10.33 -10.42 -10.97 -11.25 -10,47
MEAN -10.07 -10.05 -10 47 -12 17
SD 0. 33 2. 16 2. 40 2 74 2. 77 2. 9
SD 2 85 2 94 2 96 0 05

Test 6 5

P0S 0 50 100 150 200 250
POS 300 350 400 450
TEMP 26 38 35 32 36 09 32 26 28 86 30 10

.. .. .. .
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TEMP 25.95 31.73 27.76 28.95 27.32 26.46
TEMP 26, 59 36. 86 66. 50
MEAN 17. 64 19. 36 19. 15 19.90 18.56 17.78
MEAN 16.46 16. 12 18.67
SD 0.50 2.02 2.29 2.48 2.73 2.75 ,
SD 3.02 2.93 0.69

Tests 6

POS 0. 50. 100. 150. 200. 250.
POs 300. 350. 400.
TEMP 23.63 31.84 33.77 31.52 25.03 29.04
TEMP 28.12 27.97 28,48 27.68 27.60 26.11
TEMP 26.11 31.96 27.90 27.06 27.50 26.48
TEMP 26. 70 36. 75 54. 00
MEAN 10.81 13.01 12.91 12. 76 11 87 11.37
MEAN 10.47 9.90 12. 11
SD 0.24 2.80 2.91 3. 17 3.26 3.43
SD 3 33 3.31 0.11

Test , 7

POS 0. 50. 100. 150. 200. 250.
POS 300. 350. 400.
TEMP 23 30 32. 57 33. 82 32.0 1 24. 89 27. 93
TEMP 28.14 28.05 28.83 28.10 28.12 26.31 .

TEMP 26.36 31.99 27.93 27. 07 27. 51 26.51 -' "
TEMP 26. 80 36 90 55. 40 "..
MEAN 10.87 13.39 13.08 12.82 12.28 11.83
MEAN 10. 66 10. 15 12. 73
SD 0.23 2.40 2.61 2.88 2.85 2.98
SD 3. 13 2.92 0. 11
TestS 8

POS 0. 50. 100. 150. 200. 250.
POS 300. 350. 400.
TEMP 23.00 32.50 33 78 32.26 24.36 27.76
TEMP 27.98 28. 10 28,96 28.20 28.25 26.30
TEMP 26.35 31.73 27,71 26.93 27.47 26.44
TEMP 26. 71 36. 17 53. 80
MEAN 9.62 11.94 11.71 11.73 11.01 10.29
MEAN 9 47 8.59 11 48
SD 0 19 2 76 2. 84 2. 5 2.95 3. 12
SD 3 28 3. 14 0. 43
Test P 9

POS 0 50. 100. 150. 200. 250.
POS 300. 350. 400.
TEMP 22.85 28.87 31.16 30. 55 23.83 27.38
TEMP 27. 48 27. 60 28. 68 27. 55 28. 14 25. 91
TEMP 26 21 29.29 27.09 26.38 27.02 26.06
TEMP 26. 45 35 70 54 10
MEAN 7. 86 10. 05 9. 77 9. 91 9. 18 8. 31
MEAN 7.53 6.65 9.28
SD 0 12 2.62 2.62 2.82 2.85 3. 13
SD 3.01 2 98 0 04
Test 0 10

POS 0 50 100 150 200. 250 0
POs 300 350 400,
TEMP -2 33 31 47 33 35 32 05 23 52 27 23
TEMP ,7 42 27 57 28 57 27 82 27 96 25. 81

. .. 
- .-.. 
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TEMP 3Z 03 32 30 32 52 31 5Z 31 is 29 46TEMP 28.92 35.63 32 13 31 06 30.99 29 77 ... ,. %-
TEMP 29 46 41.20 58 25
MEAN -6 05 -8.72 -9.42 -9 25 -9. 30 -9 15
MEAN -8.93 -8.48 -8 as -11 27
SD 0.012 2.36 2.40 274 2.85 3 12 -
SD 3. 1 2.9 2 98 0 21

ACTUAL DATA

SPREAD
Up Down

Test 0 1
0.60 0.40 0.40 0.40 0.40 0.40 0 07 -0.07

-3.80 0.40 -3.50 0.60 -3.40 0.Z0 -*,99 2.98
-3.90 O.20 -3.70 0,20 -3.20 0.40 -1.93 1 93
-42 0 0. 10 -4.10 0.40 -4 00 0 40 -2.20 2.20
-4 40 0.20 -4.40 0.20 -4,40 0.40 -2.33 2 33
-'.40 0.70 -4.20 0.90 -4.20 0. 70 -2.52 2 52
-3.40 1.90 -3.20 1. 50 -3.40 1.40 -2.47 2 47
-3.70 1.30 -3.30 1.60 -3.70 1.40 -2.50 2 50
-3.90 1.40 -3.40 1.40 -3.60 1.50 -2.53 2 53
-2.90 -2.90 -2.90 -2.90 -3.20 -3 20 0.00 0.00
Test 42
-6.30 -6.50 -6. 50 -6 50 -6.50 -6.40 0 02 -0,02

-10.20 -6.70 -10.10 -6.50 -10.10 -6.40 -1.80 1,80
-10. 00 -6 00 -10.20 -5 90 -10. 10 -6.0 0 -2. 07 2. 07
-10.80 -6. 80 -10.80 -6. 30 - 0l eO -6.40 -2. 15 2 15
-11.10 -7. 20 -11.10 -7.20 -11,40 -6.90 -2.08 2 08
-10.80 -6 40 -0. 80 -6. 10 -10. 70 -5. 90 -2. 32 2. 32

-9-0 -5. 50 -9.80 -5. 10 -9. 80 -5. 10 -2. 28 2 28 O
-10. 10 -5.80 -10 30 -5.80 -10. 10 -5 20 -2. 28 2. 28
-10. 50 -5.90 -10. 50 -5. 80 -10. 70 -5.90 -2. 35 2 35 -.
-9.10 -9. 10 -9.40 -9.40 -9.40 -9.40 0. 0
Test 4 3
-5.70 -5.60 -5.60 -5. 40 -5 40 -5. 40 -0. 05 0. 05

-10. 20 -5 20 -9. 80 -5. 20 -9. 70 -4. 80 -2 42 2 42
-10. 20 -5. 10 -9. 60 -4. 70 -9 40 -4. 80 -2 43 2. 43
-10. 90 -5. 80 -10 60 -5. 60 -10. 70 -5. 70 -2 52 2 52
-11. 10 -6. 10 -11.30 -5.90 -11.40 -5.70 -2.68 2 6E
-10. 40 -4. 70 -10. 80 -4. 70 -10. 60 -4. 70 -2 95 2. 95

-9. 70 -4. 20 -9. 70 -4. 10 -9. 50 -4. 00 -2,77 2.,77
-10.00 -4.90 -10.10 -4.70 -10 30 -4.60 -2.70 2,70
-10.20 -4.80 -10.20 -4.50 -10. 20 -4.40 -2.82 2.82

-9. 10 -9. 10 -9. 00 -.9.00 -e. 90 -8. 90 0. 00 0 00
Test 4 4
-8,40 -7.90 -7.90 -7.70 -7.70 -7 40 -0.17 0 17

-12.50 -8.50 -12. 30 -8.40 -12.10 -8. 20 -1.97 1.97
-12. 70 -8. 30 -12. 40 -8 30 -12. 70 -8, 10 -2 i 2. 18
-13.50 -8.30 -13 30 -8.40 -13. 30 -8.40 -2.50 2, 50
-13. 90 -8. 40 -13. 90 -8 90 -13. 50 -9. 90 -2 52 2 52
-13.10 -7.90 -13.30 -7 90 -12 90 -7.80 -2.63 2 63
-12. 80 -7.60 -12. 80 -7. 40 -12. 40 -7. 40 -2. 60 2. 60
-12. 70 -7, 20 -12. 80 -7 40 -12 l 70 -7. 50 -2. 66 2 6S
-13.30 -7 90 -13.20 -7 90 -13 00 -7. 50 -2.70 2 70
-12. 20 -12. 20 -12. 20 -12 20 -12. 10 -12. 10 0. 0
Tost 0 5
-6 70 -6.90 -6.90 -6 40 -6.40 -6 20 -0 08 0 08

o S -
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-10.90 -6 70 -10 0 -6.40 -10.90 -6.50 -2. 15 2 15
-11 40 -7 20 -11.40 -680 -11.40 -640 -2 30 2 30
-12 20 -7 20 -12.00 -7.00 -12.00 -6.90 -2,52 2.52
-12.40 -7.50 -12.50 -7.20 -11.90 -690 -2. 53 2. 53
-11.60 -6.30 -11.50 -6.50 -11.70 -6.40 -2,60 2. 60
-11.40 -6.50 -11.40 -6.20 -11.40 -6. 10 -2 57 2.57
-11. 90 -6- 30 -11. 70 -6. 20 -11. 6O -6. 10 -2,.77 2. 77

-11.70 -6.60 -11.50 -6.40 -11.70 -6. 50 -2 57 2 57
-11.20 -11.20 -11.20 -11.20 -10.90 -10.90 0. 0

-6.60 -5.70 -5.70 -4.30 -4.30 -420 -0.40 0.40 ,o'.

-10.20 -6.00 -9 40 -4.70 -8.20 -4. 10 -2.17 2. 17
-10. 90 -5. 90 -9.80 -4.90 -9. 80 -4. 10 -2. 43 2. 43

-11.40 -6.60 -10.90 -5.40 -9.60 -5. 10 -2. 45 2.45

-11.90 -6 30 -11. 10 -5.00 -10. 10 -5.20 -2.75 2.75
-11.10 -5.90 -10.20 -4.80 -9.40 -4.20 -2.63 2.63
-10.80 -5980 -9.90 -4.90 -9.80 -4.00 -2.45 2.45

-11. 10 -6.20 -10.00 -5. 10 -9. 00 -4.20 -2.43 2.43
-10.90 -5 90 -9.70 -4.90 -9. 10 -3. 90 -2.50 2. 50
-10 30 -10. 30 -9. 10 -9. 10 -8 40 -9. 40 0. 0.
Test * 7
-1.40 -1.40 -1.40 -1. 30 -1.30 -1.40 0. 0.
-5.40 -0.90 -5.40 -1.90 -5.90 -1.90 -2.03 2.03
-6. 10 -1. 40 -6. 10 -1. 60 -5 90 -1. 90 -2. 22 2. 22
-6.90 -1.60 -6.50 -2.00 -6.90 -1.90 -2.47 2.47
-7.20 -1.80 -6.90 -2.00 -7.00 -1.90 -2.57 2.57

-6.90 -1.20 -6.90 -1.20 -6.70 -1980 -270 2.70 . .. ,

-6. 40 -0. 90 -6. 10 -1. 00 -6. 50 -1.00 -2.69 2.69 K. -...

-6.40 -1.00 -6.20 -1.90 -6.40 -1.40 -2.45 2.45 r.-- ,-.'-

-6.40 -1.40 -6. 9O -1.20 -6.80 -1.30 -2.69 2 68 * "'" " *

-6.00 -6.00 -6 40 -6.40 -6.20 -6.20 0. 0.
Test * 8
0.60 0.50 0 50 0.50 0.50 0.40 0.03 -0.03

-3.90 0.20 -4 00 0.20 -4 10 0.30 -2. 12 2.12
-4.40 0 30 -4 30 0.20 -4.30 0.20 -2.28 2.28
-49 0 0. -4.70 0. -5.00 0.20 -2.45 2.45 " ",

-5. 10 0. -5. 10 0. -5.50 0. -2.62 2.62
-5 -5.10 0.50 -5.00 0. -2.70 2-70
-4.30 0.90 -4 40 0.90 -4.50 0.90 -2,65 . 65

-4 30 0 50 -4 70 0.50 -4.40 0 -2.40 2.40
-4.50 0 50 -4 80 O. 30 -4.70 0.20 -2. 50 2,50
-4.00 -4.00 -4 30 -4.30 -4,30 -4.30 0. 0 r..
Test 9 -

-5 40 -5.50 -5 50 -5.50 -5.50 -5.20 -0.03 0 03
-9 90 -5 90 -10. 90 -5 90 -10. 20 -6. 30 -2 15 2. 15

-10 90 -6.80 -11 20 -7.00 -11.20 -6.90 -2 12 2 12
-11 40 -6.40 -11.40 -& 40 -11. 20 -6.40 -2,47 2.47
-11 50 -6.50 -11 50 -6 20 -11.50 -6.70 -2.52 2 52
-11 50 -5 90 -11 40 -6.40 -11.40 -6 20 -2.63 2.63
-11.40 -5 90 -11.20 -6.20 -11 20 -6.20 -2 58 2 5e
-10 40 -5.30 -10 50 -5 20 -10.50 -5.50 -2 57 2 57

-10. 80 -5 70 -10 90 -5. 0 -10. 90 -6 10 -2. 4 2. 48

-10 50 -10.50 -10.90 -10.90 -10 70 -10 70 0 0
Test C 10
-5 90 -6 20 -6 20 -6 00 -6 00 -6.00 002n  -0 02

-10 90 -6 40 -l 90 -6 60 -10 80 -6 70 -2 15 2 15 -S."-""

-11 50 -7.20 -11 50 -7 40 -11 80 -7 10 -2 18 2 18 
-12 00 -6 80 -12 00 -6 70 -11 20 -6 80 -2 48 2 48

-11 90 -6 80 -31 90 -6 80 -11 90 -6 50 -2 60 2 60
-12 10 -6 10 -11 90 -6 40 -12 00 -6 40 - 8 2 2 85

".%' % .%"

,-*....-..*. 5*.**.S...- , ~-~..-'x~.'vx-.. . ........

-.- ,. . ,'. .-. . - .5 ... , . 5 at&',.• ." .;.• *., ," , ° ..-. . .'. ", ', ', "• .. ',,- ."~ , - ,-, ,,.
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4,.

-12.00 -8. 10 - 1.50 -600 -11.60 -620 -2.93 2 03

-11 20 -5 90 -11.20 -5,50 -11 20 -5 90 -2 72 ;2 72

-11.70 -6.20 -11.50 -6.20 -31. 60 -6 10 -272 "

-11.40 -11.40 -11.40 -11.40 -11.00 -11 00 0 00 0 00

Regression Equation

T21*-0.43 + TIO*1.10 - 0.13e-3*T3*Y - 17.17 ...

%-

- , w- ,

% %

"., ~-. .'.. ,I '

, .

'. . , o.

,".. . ...... , .,....,. .. ., .,....,' '.-...'..... .. " .'.., . , .•. ... .... . •. • •. " """" " '" " " " " " """-" " "" ' "
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Y axis
RESUJLTS OF YAW~ ROR (arc-sac)

X axis at 140.000 s
Y axis at 140.000 -'a
Z axis at 330.000 -' Dir of loser F

Test 0 1

Pas 0. 50. 100. 150. 200. 250.
*P09 300. 350. 400.

TEMP 23.88 25.71 26-47 27.14 25.22 25.91
TEMP 26. 28 26. 08 24.21 25-72 25. 94 25. 32
TEMP 25 50 23. 53 24. 21 25.647 24. 01 25. 74
TEMP 25. 67 36. 92 29. 10
MEAN 0.14 1.75 0. 66 0.94 0.63 -0.71
MEAN -1.71 -2.11 0.45 V

SD 0.20 1.98 2.17 2.44 2.46 2.70
SD 2.65 2.41 0.27

Test 0 2

P06 0. 50 100. 150. 200. 250.
P09 300. 350. 400.
TEMP 24.00 27.13 20.47 23-30 25.29 24.49
TEMP 26.11 24. 37 24.74 24. 00 24. 13 25. 37 *. K

TEMP 25. 46 29.031 24. 74 26. 05 24. 47 25. 95
TEMP 26.0! 37.01 36.20
MEAN 4.96 6.44 4.14 4. 17 5460 4.07 *

MEAN 3.49 3. 12 5.56
SD 0.34 2.64 2.79 2.89 3.04 3.03
SD 2.84 299 0.33
Test 0 3

P0s 0. 50. 100. 150. 200. 250.
Pas 300 350. 400.
TEMP 24.20 28.25 29.61 29.10 25.31 27.02
TEMP 27,20 24. 73 27. 15 26. 36 26. 39 25.48
TEMP 25 55 30.75 27.07 26.36 26.76 24.10
TEMP 26 22 37.07 34.00
MEAN 4.49 6.52 6.21 5.97 5.49 4.42 ~
MEAN 3 41 2 89 5.32
SD 0.04 2.35 2.46 2.78 2.90 2.97 ~ ...

SD 3.09 3.13 0.06
Test a 4

P09 0. 50. 100. 150. 200. 250. V

P0s 300. 350. 400.
TEMP 24.33 30.03 31.64 30.20 25.17 27.52
TEMP 27. 69 27. 30 27. 79 26. 96 26. 91 25. 79
TEMP 25.76 31.39 27.57 24.76 27.21 24.32
TEMP 26. 45 36. 92 39. 40
MEAN 4. 39 6. 03 6. 17 5.79 5.50 4. 51
MEAN 3.55 2987 5.30
SD 0.15 2 57 2.74 3.02 3.13 3.20 **

SD 3,37 3 24 0.09
Test 0 5

POs 0 50 100 150 200 250 r ~
POs 300 350. 400
TEMP 23.49 31 22 32 29 30 91 25 19 27.54
TEMP 27 79 27 57 29 10 27 42 27 27 25 97

% V
%.

V. 5%.V
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TEMP 25.95 31.73 27.76 26.95 27.32 24,46 ., '*TEM4P 24.59 36. 66 44o5
MEAN 17.44 19.36 19.15 16.90 1035 17.73
MEAN 16. 46 16. 12 16 7

SD 0.50 2.02 2.29 2.48 2.73 2.75 99D 3.02 2.93 0469
Test 0 4

24s.70. 10.7 154 20020

Ps 3. 3 0 30.1 0

T~P 233 32.857 33 62 31-01 24.39 27.4 93
TEMP 26.14 2790 28.33 2610 29.12 24.31t
TEMIP 26.361 31.99 27.93 27.07 27.51 26.51
TEMP 26.30 36.90 5400
MEAN 10.37 13.39 13061 12.6 11.26 11.337-
MEAN 10. 46 1.0.1 12 73
SD 0.23 2.40 2491 3.6 326 2.99

SD3.13 2.92 0 11
Test 0 6

POS 0. 50. 100. 150. 200, 250.
P09 300. 350. 400.
TEMP 23.00 32.50 33792 32261 24.89 27.73

*TEMP 27.99 26.105 25963 28.20 29.2 26.30
TEMP 26.35 31.7 27.71 26.93 27.47 26.4451
TEMIP 26.71 36.17 53.60
MEAN 9..62 11.9 17 17 12-01 10.29119
MEAN 947 90.15 11.46
SD 0193 2760 2.34 295 2905 3.1
SD 3.13 3.14 0.43

Test 0 9 
. 9w;

P0s 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400.
TEMP 22.65 2990 31.16 30 55 2436 27396
TEMP 27.498 27.160 26.46 27.205 29.2 14 .391*TEMP 26.21 29293 27.09 26.3 27.02 260644
TEMP 24.45 35.7 54.10 qMEAN 7.362 10.05 91.77 91.91 91.1 6129
MEAN 9.7. 53 .659 91.20
SD 0. 12 2.6 2.62 2 92 2.95 3.13C.SD 3.01 2994 0043

r:P09 0. 50. 100. 150. 200. 250.0
PaS 300. 350. 400,
TEMP 22.33 31.47 33. 35 30 05 23.52 27.238
TEMP 27.42 27570 29578 27.52 28.96 25891

MEAN~~~~9*' 7.6 005 977 9.1 9.i 83

MEAN 7... . .53 6.6 9.28* ~
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TEMP 25 93 31. 13 27.03 26. 25 26 99 25-91

TEMP 26 25 35. 40 53. 00
MEAN 7.00 9.59 9.09 9.76 9.73 7.72

MEAN 6.41 6.19 9.5 2

SiD 0.22 2.35 2.41 2.40 2.54 2.72

SD 2.63 2.39 0.29

ACTUAL DATA
SPREAD

Up Down
Test 0 1 O 4 , "2

-0.12 0.04 0.04 0.26 0.29 0.43 -0.09 0.09
3.32 -0.24 3.46 0. 3.92 0.09 1.90 -1.90

2.72 -1.30 2.93 -1.06 2.9 -0.99 1.99 -1.9

2.91 -1.42 3.31 -1.22 3.27 -1.;2 2.22 -2.22

2.91 -1.65 3.11 -1.39 3.19 -1.19 2.24 -2.24

1.39 -3.35 1.99 -3.15 1.97 -2.99 2.45 -2.45

0. 59 -4.33 0. 79 -4.21 0. 75 -3. 92 2. 41 -2.41

-0.28 -4,61 0,39 -4.45 0.63 -4.37 2.36 -2.36

0.20 0.20 0.35 0.35 0.79 0.79 0. 0.
' "T e s t 0 2 0 . 7 -0 .1 7, N

. 55 42 4 4. 4 5.00 5.00 4.53 0. 417 -0.1

9.09 4.37 9.94 4.61 9.13 3.82 2.40 -2.409.79 3.66 8.62 3.92 8.66 3.31 2.55 2.55
.73.2 9.96 3.19 2.63 -2.63

9.27 .299 .39 3.07 9.50 2.40 2.79 -2.790

W7.0 1.429 7.17 1.73 &.26 0.97 2.74 -2.74
7.02 1. 06 6.2 1.14 5.71 0.51 2.58 -2.59
5.96 05 5.4 0.75 5.55 -0.06 2.71 -2.71
5. 79 5,79 5. 79 5.16 5.14 0. 0.

Test 0 3 -. 0

45 7 4,49 4.49 4.41 4.41 4.53 0.01 -0.01

.79 4.33 8.66 4.33 8.54 4.49 2.14 -2.14

e 8 3.94 8.43 3.99 8.35 3.99 2.24 -2.24

8.39 3. 19 9.43 3.43 93. 339 2.53 -2.63
8.23 2.87 9.15 2.0 8.03 2.87 2.64 -2.64

7. 13 1. 9 7. 13 1. 58 7. 13 1.65 2.71 -2 71

6. 07 6.t22 00.39 6.26 0.55 2981 -2.81

5.71 0. 5.93 0. 5.71 0.12 2.95 -2.95

5.47 5.47 5.63 5.63 5.47 5.47 0.00 0.00

Test 4 -0.06

449 4.37 4 37 4 29 4.29 4.33 0.06 -0 K
.

839 3.70 8 35 3 74 8.39 3.62 2.34 -2.34

8 74 3.74 9 74 370 .54 3.59 2.50 -2. 50
54 295 8 54 3.07 e.54 3.07 2.76 -2 76

96 2.64 8.39 2.64 9.23 2.4 . -9

7,44 1. 57 7.44 1.61 7. 40 1.57 2.2 -2. 92

6 65 0.55 6.54 0.39 6.50 0.47 3.0 -3.06

5.71 -0.31 5.75 0. 6.06 0. 2.97 -297

T 39 5.39 5.20 5.20 5,31 5 31"

Test 173 190590 91 -0.20 0 20
189 17.36i. 116 93 1736 17. 36 Is. 03t703 l .9 1.5 - 0 0 -1 so,,...,,

20 71 17 01 21. 06 17.76 21,69 17.91 1.80 -1 0

20 71 16 65 21.22 17.13 21,69 17.52 2.05 -2 05 ,

20163 626 20 99 16.77 21.77 16.97 2.23 -2 23 ,..,-- ,

20 35 15 55 21 46 16.22 21.22 1657 2.45 -2.45

19 90 14 99 20 16 15.24 20 83 15.79 2 49 -2 49

1E 86 13.43 19 17 13.82 19 57 13 90 2 74 -2 .

'.- .- -,

• .~~ ~~ *. --. 6 -.

. . . . . . . . . . ......... .. *..-.... .... ,4 . . ... .. .. . ,. .. ...:-,.....: ....- °.-,.

• -..:..:.-.'..',.~~~~~~~~~. ...,..--- ....;.... -_ ._-;....--,-:. "... .. ............. .. . . . .
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18 23 13 07 1870 13. 19 19. 33 14 21 2. 63 -- 6j
1803 18.03 18.46 18.46 19 53 19 53 0 00 0 00

Test * 6
11.30 10.71 10.71 10 71 10 71 10 75 0.09 -0 09
15 71 10.47 15.59 10.39 15 39 10. 51 2. 55 -2 55
15 55 10 35 15. 55 10.31 15 59 10 12 2.65 -2 65
15.83 988 15.51 9.96 15 59 9 76 2.99 -2 89
14.92 8.90 14.80 82 14.80 8.98 2.97 -2 97
14.61 8.23 14.29 8.11 14.61 8.39 3.13 -313
13.54 7.40 13.43 7.52 13.54 7.36 3.04 -3.04
12. 91 6. 93 12. 91 6. 97 12 91 6. 73 3.02 -3. 02
12.01 12.01 12.24 12.24 12.09 12.09 0. 0

Test 6 7 ,. 09
11.33 10.81 10.81 10. 74 10. 74 10.81 0.09 -009
15. 70 11. 17 15. 56 10 97 15 38 11. 4 2. 19 -2. 19
15.50 10.91 15.46 10.50 15.42 10.78 2.39 -2.38
15.70 10.34 15.11 10.03 15.54 10.22 2.62 -2.62
15. 11 9.37 14.67 9.46 14.83 9.71 2.59 -2.59
14.67 9.32 14.40 8.93 14.56 9.08 2.72 -2.72
13.65 7.98 13.49 7.55 13.41 7.90 2.95 -2.85
12.74 7.55 12.79 7.74 12.90 7. 19 2. -2.66
12.70 12.70 12.63 12.63 12.94 12. 0. 0.

Test 0 9

9.87 9.40 9.40 9.67 9.67 9.71 0.03 -0.03
14.52 9. 16 14.44 9.32 14.40 9.79 2.51 -2. 51
14.28 8.93 14.32 9.29 14.32 9. 16 2.59 -2.59
14.44 8.77 14.32 9. 12 14.52 9.24 2.69 -2.69
13.85 8.22 13.65 8.37 13.61 .37 2.69 -2.69
12.96 7.23 13.22 7.55 13.22 7. 55 2.95 -2.95
12.47 6.48 12.23 .68 12.67 6.29 2.99 -2.99
11.41 5.58 11.52 5.85 11.44 5.74 2.87 -2.97-'
11. 25 11. 23 12. 04 12,.04 11. 17 11. 17 -0.0O0 -0.0 .'A

Test 0 9
7.94 7.74 7.74 7.93 7.98 7.74 0.03 -0 03
12.39 7.74 12.39 7.70 12. 55 7.55 2.39 -2 39
12.35 7.27 11.92 7.63 12.19 7 23 2.39 -2-39
12.55 7.27 12.47 7.51 12.43 7.23 2.57 -2 57
11.60 6.49 11.6 6.80 12.04 6.48 2.59 -2 59
10.97 5.42 11.09 5.44 11.44 5.30 2.85 -2.85
10.30 4.75 10.26 4.95 10.26 4.63 2.75 -2.75
9.48 4.00 9. 24 4.08 9.40 3,73 2.72 -2.72 -
9.26 9.26 9.32 9.32 9.24 9.24 0. 0. .*

Test 0 10
7. 8.02 3.02 7.59 7.59 7.63 0.04 -0.06
11.68 7.63 11.68 7.43 11.64 7.27 2.15 -2 15 '. '"
11.17 6.96 11.60 6.92 11.09 6 0 2.20 -2.20
10.65 4.72 11.25 4.54 10.74 6.44 2. 19 -2.19
11. 17 7.07 11.25 6.37 10.70 5.85 2.30 -2.30
10.22 5.34 10.36 5.30 9.99 5.07 2.46 -2.49 0
8.85 4.12 9.24 4.04 9.30 3.93 2.38 -2.39
8.22 4.12 9.61 4.12 9.02 3.91 2. 17 -2. 17r...
8.61 3.61 6.89 9.89 9.26 .26 0. 0.

Regression Equat ion

0.47*T21 + 2.4*T5 - 73.26 .

%, . ..,

. . , . V ~ . .: -< .- .. . _ . . , . - - ,. .. .. . .. ., -. -, .. .o ._ .
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2 AXIS

RESULTS OF POSITION ERROR micron) 
A

y axis at 300.00 mms (indep) N,1K
2 axis at 300.00 mms (Indel)

Dir of laser R

POS O. 50. 100. 150. 200. 250. b

POS 300. 350. 400. 450. 500. 550.
POS 600.

TEMP 25.43 25.16 25.20 25.72 25.45 25.28
TEMP 25. 30 25. 40 25. 49 25. 67 25. 75 25. 70
TEMP 25. 73 25. 21 25.21 25. 23 25. 21 25. 31
TEMP 25. 51 25. 29
MEAN -2. 79 -4. 47 -7.71 -5. 74 -5.47 -7. 46
MEAN -7. 95 -3.36 -2.23 -1.03 1. 31 3.95
MEAN 1.82
SD 2. 10 2.77 2.80 2.99 2.64 2.54
SD 2.81 3.03 3.19 3.06 3.07 3. 17
SD 2.98

Test 0 2

POS 0. 50. 100. 150, 200. 250.
P0S 300. 350. 400. 450. 500. 550.
P0S 600.
TEMP 26. 25 28, 43 26. 84 28. 43 26. 30 25. 93
TEMP 26. 13 25.96 26. 10 26.01 26. 11 26 11
TEMP 26. 06 25. 86 25. 99 25. 74 25. 79 25. 74
TEMP 25. 93 25.64
MEAN 21.94 22.37 20.96 24.76 27.14 26.98
MEAN 28.67 35.09 39.47 41.69 46.04 50.38
MEAN 49. 19
SD 1.06 1.56 1.49 1.01 0.66 0.91
SD 0.93 0.69 0.59 0.41 0.48 0.72
SD 0.45

Test 0 3

PS o. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500. 550.
P0S 600
TEMP 29. 15 32.59 29.31 31.93 27.94 27.09
TEMP 27.92 27.11 27 39 27 04 27.21 26.99
TEMP 26.94 26. 92 27.46 2660 26.97 26.57
TEMP 26. 77 26 33 . ,'''
MEAN 57.37 59.34 61.42 68.16 72.59 75.35
MEAN 80.00 8906 94.41 100.66 109.14 114.36
MEAN 115.05

SD 2.72 3 26 3.74 3.87 3.76 4.29
SD 4.95 5.46 5.49 5.91 6.53 7.04
SD 7. 12

Test 0 4

PDS o. 50. 100. 150. 200. 250.
POS 300 350 400. 450. 500. 550.
POS 600.
TEMP 29 13 34 94 31.27 33.69 29.20 28 20
TEMP 29.44 28 15 28.67 28. 15 29 37 29.03
TEMP 27. 93 27 86 28 91 27. 42 27. 88 27 50

- - ,- %
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% .

TEMP 27. 59 27. 15 .p,,- ,\
DEAN 55.07 56.62 5.50 65.00 69.77 71.60 %MEAN 75.67 94.99 90. 51 97.24 103 .62 I. 11
MEAN 111.82
SD 5.64 5.84 6.62 7.05 4.43 4 24
SD 4.42 4.21 4. 53 5. 19 5.27 5. 74 :
SD 5.95

Test 5.

Pas 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500. 550.
P09 600.%-'
TEhP 29.39 32.99 30.67 31.43 29.53 28 56 0
TEMP 29.93 29. 53 29. 12 28. 36 28. 66 28 41
TEMP 28.44 29. 36 29. 34 27. 90 29. 44 29. 07
TEMP 28. 15 27. 70
MEAN 33. 94 35. 00 35. 55 40.88 45.20 46. 76
MEAN 49. 73 58. 04 62. 60 69. 02 73. 95 80 02
MEAN 91. 15
SD 0.92 1.93 1.84 1.56 1.16 1.09 -_
SD 1.03 1.18 1.03 0.94 1.08 1.07
SD 1.13 " ...- .

Test 4 6

POS 0. 50. 100. 150. 200. 250.
Pos 300. 350. 400. 450. 500. 550.'
POS 600.
TEMP 29. 50 35.99 32. 60 36.26 30. 46 29.49 "
TEMP 30.78 29.54 30.17 29. 51 29.8 29.29
TEMP 29.22 29.91 29.95 28.25 2.71 28.51
TEMP 29.61 29.10 ..
MEAN 75.95 91.06 96.29 96.90 105.37 111.29
MEAN 119.67 132.39 141.63 151.34 162.08 171.76
MEAN 175. 34
SD 5. 13 5.85 6,57 6.96 7.34 9. 16
SD e.90 9.45 10.04 10.60 11.56 12.13 ,:.$ "_,.
SD 12.38

Test 4 7 -

POS 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500. 550.
POS 600.
TEMP 29. 45 37. 19 32. 71 37. 35 30. 2 29. 95
TEMP 31.47 29.94 30. 96 30. 19 30. 72 29.89
TEMP 29.92 2e. 85 30.26 28.04 28.70 28.63
TEMP 28. 99 29. 19
MEAN 75.33 91.53 89.83 100.27 110.65 119.00
MEAN 127.96 141.79 152.52 164.39 175.95 196.75
MEAN 191.77
SD 4.41 4.62 4.99 4,99 5.24 5.71
SD 6.40 6.74 7.23 7.64 9.47 8.76
SD 9.94

Test 9 a
*- •

POS 0. 50. 100. 150. 200. 250.
Pos 300. 350 400. 450 500. 550.
POS 600.
TEMP 29.25 35 60 32 01 35 58 30.69 29.75
TEMP 31.42 29 84 30 89 30.40 30 91 30 14 i.
TEMP 30 31 28 87 30 23 28 04 29 75 28 70

.. . ................



281 0

TEMP 29.2:9 28 26 b per

MEAN 60.95 65. B5 69. 57 79.60 88.0O0 93. 71

MEAN 155. 15
SD 2).52 3. 04 3. 28 3. 01 3. 17 3. 3b
SD 3. 83 4.04 4.2:1 4.44 5. 09 3. 16
SD 5. 10

Test 0 9

POS 0. 50. 100. 150. 200. 250.

POS 300. 350. 400. 450. 500, 550. ,,-- ,
POS 6...-...

TEMP 2)9. 40 36. 60 32. 60 37. 61 31. 20 30. 10 ""."""-,",
TEMP 31. 70 30. 39 31. 53 30.8B3 31.49 30. 52 ,,,,,,-"
TEMP 30. 64 28. 86 30. 32) 28. 01 2e. 74 28. 74 -"

""  
"TEMP 29.49 28.28

MEAN 63.66 70.08 77.34 88.97 98.63 106.27

MEAN 115.94 129.59 139.97 151.04 163,31 174.06
MEAN 179. 25 , ,
SD 5.59 6.74 3.28 7.1 13.29 9.0

SD 9.84 10.59 11.27 11.69 15.79 13.47

SD 13.83Test 10

POS 0. 50. 100. 150. 200. 250. " " -.Pos 300. 350. 400. 450. 500. 550. ,*.*.

PDS 600.
TEMP 29.18 36.01 32.27 36.4 31.18 30.01 -. .

TEMP 31.69 30.28 31.49 30.96 31.49 30.55 -.
TEMP 30. 71 28. 87 30. 32 27. 99 28. 72 28. 77

TEMP 29.55 28.31
MEAN 37.37 63.12 69.07 79. 90 89.0 95.30
MEAN 104.74 117.03 12.80 137.08 148.37 158.76
MEAN 163. 09-

SD 2.92 3.47 3.55 3.5 3.61 3.90
SD 13.69 5.00 5.07 5.96 .19

SD 6. 54 .%. ,-

ACTUAL DATA

............

Test* 1
-0. 10 -5. 40 -5.40 -4. 20 -4.0 -3.30 -0.44 - 51-6. 50 -8.480 -3.70 -7. 50 2.70 -6.30 0.17 -3.06

-9. 40 -12. 40 -7. 30 -10. 70 -5. 90 -9. 50 0. 1e -3 16"•","• "-
-7. 80 -10. 50 -5. 49 -8. 80 -3. 69 -7.6 O .08 -3. 23 ""-"•"--7.TEM -. 0 -6.21 -3.6 -4.32 -6.5. -3.197 -3031

-10.30 -11.40 -7.80 -9.90 -6. 39 -8.50 -0.69 246
-10T99 -1 30 - 70 -10.50 -6.99 -70 -0.94 -. 552

-6 41 -830 -3.81 -6.2 -1.80 -449 -0.65 -3 00

-5M00 -7. 39 -2 69 -5. 40 -0.61 -3. 51 -0.54 -3.20
-4. 49 -562 -1 -3.191 . -1 09 -1.07 -2.75

0 43 -12. 2 3 30 1 28 4,8 . 2 99 -1 t -2 93

SD 4.1 4.6 5.000 5.07 0.9 6.192 19

SD.6.54...
-% p % .•,

. • ". . . .. . -0 . 10 -5. 4 - 5 °--. . 40 . - 4 •,%" . 0 -4 . 20 -3 . .".3 -0. 44 -. 51.,% % %.,% ,%,
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Ts* 2 r.{
20.70 20 90 20.90 21.20 21.20 22 30 -0.94 -0 41
22.20 20,00 23.40 20.30 23.10 21.40 0.53 -1.90
21.90 19.90 21.90 19 90 21.60 19.40 0.90 -1.79
24-51 23.61 25.30 23.41 24.99 23.90 0. 17 -1. 16
2b. 70 26. 70 27. 21 26. 20 26.79 26. 60 -0.24 -0. 64
25 89 27. 10 26. 99 26.31 26. 50 26.31 -0.52 -0 41
27. 50 29. 21 29. 50 27. 0 29. 02 28. 91 -0. 67 -0 07
35. 00 35. 31 35.49 34. 30 35. 00 33. 91 0 07 -0 59
39.51 39.70 38. 51 37.69 39.00 37.69 0.21 -0.45
41.69 41.90 41.60 41. 50 41.20 41.20 -0 19 -0. 15
45.99 46. 69 45. 99 45. 90 45. 50 45. 60 -0. 21 0. 05 .'-

0.78 51.80 50. 17 50. 17 49.62 49.69 -0. 19 0.20
49. 62 49. 62 49. 32 49. 32 48. 99 49. 99 0. 09 0. 09
Test* - 3 '. " "
62.90 59.80 59.90 57.20 57.20 56.40 2.56 0.43
65. 10 61.2 0 62. 80 59. 50 60. 60 57. 80 3. 49 0. 16
68.40 64.00 64.90 61.20 62.90 59.90 3.94 0.25 , -
75. 10 72. 10 71.30 68.80 69.00 67.00 3.64 1. 14
79.70 77.90 75.20 73. 90 71.70 71.90 2.62 1.98
91. 21 92. 20 77. 61 77. 90 74. 60 74. 71 2. 45 2 91
96. 49 97. 49 92. 79 83. 10 78. 99 79. 71 2. 73 3. 44 .
96.99 97. 41 92. 10 92. 10 99.50 99.01 3.47 3.45

102.51 103.21 97.29 96. 71 93. 69 93. 69 3. 42 3. 46
109.41 110.50 103.49 103.70 99.21 100.49 3.11 4.24 p 4
117.10 11.59 110.99 112.40 106.51 107.70 3.40 4.76 " ****

123.90 126.28 116.99 119.59 112. 19 114.32 3.29 5.37
125.92 125.92 11.53 119.53 114.20 114. 20 4. 50 4. 50 - -
Test* * 4
60 70 57.90 57.90 55. 60 55.60 51.50 5. 63 -0 10
70 60 59.90 59. 00 57. 30 57.00 53. 50 5. 58 0.25
74.60 61.80 61.30 59.40 59. 70 54.60 6.37 0. 10
82.20 69.40 67.20 65.99 64. 10 62.30 6.17 0.90
76.90 74.20 71.50 70.50 69.30 67.20 3.46 1.86
76.40 78.09 74.40 75.30 71.20 70.91 2.40 3.17
80. 90 82.3 1 7. 61 79. 41 75. 01 75. 10 2 51 3.27
90.39 90. 70 . 10 9.71 84 29 4. 41 2. 61 2 96
96. 31 96. 59 93. 69 93. 69 99. 60 90. 30 2. 69 3. 02
103.91 104.40 100.99 101.41 96.50 97. 11 3. 19 3 73
S1. 41 111. 39 107. 09 107. 79 102,69 102.91 3. 11 3. 74
117 90 118.53 113.71 115. 11 115.11 110.90 4.43 3.73
120.00 120.00 115.91 115.91 111. 57 111. 57 4. 01 4,01
Test* 5-'-.
35. 10 34. 70 34. 70 34. 40 34. 40 33. 60 0. 79 0,29 .
39.00 34. 50 37.00 33 90 36.40 33.30 2. 13 -1. 13
39 00 35 30 37.70 34. 50 36.60 33.90 2.22 -099 ....
43,9 41.00 42.69 40.21 41. 50 39.70 1.72 -0. 58
47. 39 45. 59 46 30 45 30 45. 70 44. 40 1. 26 -0 10
49 60 47. 50 48. 20 46.91 47. 10 46.20 1 21 0 11 O
51,30 50. 99 50.29 50. 51 49. 50 49. 59 0.63 0 63
59.69 59.39 59.60 58. 11 59.29 57.40 1 16 0 26
64.30 63. 91 63. 51 62. 71 62.90 62 19 0.96 0.30
69, 40 69. 00 9. 91 69 60 67. 90 67. 91 0. 72 0. 45 - -
75.29 75. 50 74. 59 75.01 73.61 74.01 0.54 0 89
61 42 81.73 80 69 80 97 79. 53 79.59 0. 5 0 71
82 58 82 58 92. 21 82 21 9097 90 87 0 74 0 74
Test* * 6 * 4
85.20 90.60 80 60 76 90 76 90 73 70 4 95 1 12
91 10 86 30 96 70 92 10 82 70 78 50 5 77 1 -.4
97 20 93 00 92 30 89 20 87 70 84 10 6 12 2 15

.'."* .'.'

A:: ..- --.-.

-......................................-"........ ." -.-. ',] -.... . . ...............-......... ,...----'
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*%*

107 70 105 00 102.60 99.59 97.40 94.90 5.77 300
116 50 114.91 110.79 109.21 105.70 104.10 5 63 4 00 "%
123 20 122 70 116 30 116.39 110.90 110.31 5. 52 5 19

132 20 132.29 125.09 125.40 119.59 118.99 5.62 5 99 a,_
146 00 146.00 138.00 138.49 131.29 131.50 6.04 6 28
155.91 156. 19 147. 31 149.50 140.29 140.69 6.21 6 83
165.99 167.11 157. 10 158.69 149.69 151.09 6.25 7.63177.90 179.41 169.21 170.01 160.49 162. 11 6.75 8 43
187.93 190.61 177.80 180. 11 169.62 171.69 6.69 9 05 , ,
193.42 193. 42 19. 50 182 50 174. 19 174. 19 9.03 9 03 *.......
Test* 7
81.90 77.40 77.40 72.90 72.90 69.51 2.07 -2.07
88.20 83.90 83.70 79. 10 79. 10 75.20 2. 13 -2. 13
95.60 91.90 91.00 86.70 85.60 82.20 1.90 -1.90
107. 19 104.00 101.81 98.40 96.41 93. 80 1. 53 -1. 53
117.00 115.91 111.40 109.89 105.50 104.20 0.65 -0.65
125.79 125 00 119.00 119. 90 112.59 11270 0.13 -0. 13
135. 19 135. 10 127.29 127.90 120.70 121.00 -0. 14 0. 14 "'""-
149.69 149.29 141.20 141.60 134.49 134.40 0.02 -0.02 .- "-
160.71 160.80 152.01 152.40 144.50 144. 71 -0.12 0. 12
172.30 174.01 163.30 164.31 155.30 157. 10 -0.75 0.75 t
184.81 186.40 174.29 175.99 166.29 167.30 -0.72 0.72
195. 80 198. 00 185. 19 186. 52 176. 57 178. 41 -0. 90 0. 90
202.03 202.03 190.98 190.98 182.31 182 31 0. 0.
Test* 8
64.30 62.40 62.40 59.60 59.60 57.40 1. 15 -1. 15
69.80 67.20 67.90 63.90 64.90 61.40 1.68 -1.68
74. 70 72. 30 66. 60 68. 60 68. 70 66. 50 0. 43 -0. 43
83.69 81.80 80.70 78.20 77.70 75. 50 1. 10 -1. 10
91.71 91.40 99 59 87.01 85.40 83. 89 0.57 -0.57
97.20 97.79 93.70 93.60 90. 19 99. 60 -0.02 0.02

105. 10 106.29 100.89 101.41 97.29 97. 11 -0.25 0.25
117.40 117.9 113 19 113.31 108.61 108.61 -0. 10 0. 10
127.01 127.41 122.41 122.59 118.01 117.61 -0.03 0.03
136 29 137. 21 131. 20 131.99 126.71 127.01 -0. 34 0. 34 %
146.51 148 28 141. 11 142.00 135. 59 136.69 -0. 63 0 63
156.01 158 02 149. 90 151. 61 145.20 146. 12 -0. 77 0 77
160.89 160.89 155.09 155.09 149.48 149.48 0. 0 C-
Test* 9
74.30 69.30 69. 30 64.60 64.60 61. 10 5 74 1 34
81.90 76 00 76 50 71.70 71. o 67. 10 6.65 1 52
90. 10 84. 80 84. 10 79. 70 78. 70 74. 50 6. 96 2. 33

102.01 97. 50 95. 20 92.00 99. 9o 86.90 6.70 3. 16
111.80 108 99 105 19 101.90 99.20 96. 50 6.77 3.83
119 71 118 50 112. 50 110.90 106.00 105 19 6,47 5.26
130 49 129.49 122. 71 121 19 115.30 114.81 6 89 5. 69
144.99 144.29 136 41 135. 59 129.79 128 39 7 48 6.50
156 40 155. 70 147. 19 146. 91 138. 70 139. 10 7. 46 7. 27 0
167. 69 167. 79 159 20 158. 51 149.41 150. 30 7.40 7.83
191. 09 182. 10 171.30 171 30 161.29 162 60 7.92 9. 69
192 99 193 97 181 58 182 68 171.69 173 B9 9. 03 9. 45
199. 10 199. 10 187. 99 187. 99 177. 49 177. 49 8. 94 B. 94
Test# - 10
61 60 58 80 58 80 55. 80 55 80 53.40 1.37 -1 37
69 40 64 00 64 70 61 00 62 40 58 20 2. 05 -2 05
742 0 70 90 70 60 67 10 67 50 64 10 1 70 -1 70
85 01 8 40 30 90 78 40 77 50 75 20 1 24 -1 24
93 90 92 41 89 10 B8 10 85 e0 84 70 0 60 -0 60
200 0 99 50 95 31 94 e9 91 20 90 90 0 20 -0 20 ,'-,,.'
109 50 109 71 103 91 104 40 100 71 100 19 -0 03 0 03 ,

*'. ,. %'

%

.. . . . .. . . ... . . . . . . .L . -. . ._ _.. ...... _ ..- ,...... .... -..... _. ., ,-., , .. : . . .-. ,,;:% ,. .,-.,.....,. . . ... ,
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I1Z2 59 122. 19 116.79 116.79 111.91 111.91 0.07 -0107
132 39 132101 126.10 126.59 121.31 121.61 -0.20 0 20
142. 61 143.49 135.99 136.01 131.71 131.90 -0.32 0.32
154.69 155.91 147.09 148.20 141.51 142.70 -0.60 0. 60
14. 98 16. al 157. 59 159. 91 151. 61 152. 77 -0. 70 0 70
170. 72 170.72 162. 41 162.41 156. 13 156. 13 0. 0.

& 70

7" % * .

.I

,. ,, : .

...-....--......
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Z AXIS
RESULTS OF HORZ. ST. ERROR (micron)

X axis at 147.716 mve
Y axis at 63.612 ms
Z axis at 467.921 "s
Dir of loser R

Test 1-

P0S 0. 50. 100. 150. 200. 250.
TEMP 25. 15 25. 59 25. 12 26 .20 25. 14 24. 95
TEMP 25. 12 25. 04 25. 24 25. 19 25. 27 25. 17
TEMP 25.17 24.72 24.83 24.59 24.65 24.68
TEMP 24.92 24.59

MEN -0. 30 -0. 49 0. 33 -0. 05 -0. 33 -0. 23 ~..j L

SD 0. 15 0.81 0.60 0.44 0.36 0.05 L ,
Test O 2 .. _

POS 0. 50. 100. 150. 200. 250.
TEMP 26. 15 20.01 26.45 28.43 25. 96 25. 52
TEMP 25. 84 25. 50 25. 62 25. 59 25. 69 25. 54
TEMP 25. 57 25.-3 25.44 25.03 25. 18 25.0 8 -

TEMP 25 30 24.93
MEAN 0.23 -0.22 1 07 1.05 0.42 0.27
SD 0.23 0.32 0.66 1.01 0.99 0. 19

Test 6 3

P0S 0. 50. 100. 150. 200. 250.
TEMP 26.93 30.45 27.97 30.21 26.72 26.16
TEMP 26.65 26.06 26. 19 26. 11 26. 20 25. 99%.:.
TEMP 26.08 25.79 26.26 25.45 25.77 25.52
TEMP 25. 79 25. 30
MEAN 0. 17 0.35 0.62 0.00 -0.49 0.20
SD 0 12 0.51 0.41 0.27 0.39 0.09
Test 0 4

POS 0. 50. 100. 150 200. 250.
TEMP 27.99 34.62 30.41 33.82 27.83 27.17 %
TEMP 28.27 27.14 27.32 27. 07 27.46 26.70 4**
TEMP 2685 2663 27.61 26 09 26 66 26.24
TEMP 26. 49 2587
MEAN 3.02 2.52 3966 3.20 3.59 3.07 *%~

S" 0. 13 0. 36 0. 56 0. 90 0.86 0 14
Test 6 5

Pos 0. 50. 100. 150 200. 250. %.
TEMP 27.58 33 45 3122 34. 17 27. 76 27.54 5
TEMP 29 30 27 79 28 52 27 93 28. 20 27.42
TEMP 27.44 26 93 28 15 26.44 26 ,98 26.76 %
TEMP 26. 64 26.44
MEAN 3.23 2.60 3 41 3.36 3.20 3 13

SD 0 23 0 22 0. 14 040 030 0.05
Test 0 6

Ps 0. 50. 100 150 200. 250

TEMP 27. 53 34 36 31. 63 35. 54 29. 15 27 98
TEMP 30 06 20 30 29. 03 2& 45 . 79 27. 82! N-:'
TEMP 27 89 27 25 28 72 26 81 27 47 27 11
TEMP 27 19 26 79
MEAN 1. 50 1 61 1 65 089 0 51 1 53 S

% 0

. .• . . .. . . .

- -... ,,. . .



288

SD 006 0.99 0.89 0.69 0.71 0.05
Test 6 7

POS 0, 50. 100. 150. 200. 250.
TEMIP 27.60 34.62 31.81 35.17 29.44 28.24
TEMP 30.41 20.51 29.46 28.78 29.17 28.14
TEMP 28 19 27.53 29.07 27.02 27.75 27.39
TEMP 27. 56 27. 04
MEAN 2. 17 2 05 2.95 2.22 2. 10 2.20
SD 0 08 . 89 0. 72 0. 5 . 39 0 09
Test 089

POS 0. 50. 100. 150. 200. 250.
TEMP 27. 25 33. 90 32. 78 36.36 28, 39 28. 29

TEMP 30. 19 28. 0 29. 73 29. 02 29. 15 2 17
TEMP 29 10 27. 31 28 31 26. 75 27. 14 27. 34
TEMP 24.90 27. 02
MEAN 1.52 L.00 2.29 2.07 1.49 1.63
SD 0.22 0.52 0.39 0.31 0.33 0.21

Test 0 9

POS 0. 50. 100. 150. 200. 250.
TEMP 27. 10 30.80 29. 5 31. 46 27. 59 27.61
TEMP 29.49 2.37 29.51 29.63 28,93 28.39
TEMP 28. 30 27.24 28. 44 26. 71 27. 29 27. 44
TEMP 27.54 27.15
MEAN 3.17 2.56 3.71 3.45 3.23 3. 10
SD 0.30 0.76 0.51 0.55 0.45 0. 19

Test 10

PO 0. 50. J . 150. 200. 250.
TEMP 26.50 31.34 29.96 33,14 27.57 27.55 5
TEMP 29. 33 27.94 29.45 29.08 29.42 28.35
TEMP 28 21 26. 89 27. 96 24. 49 26 93 27 10
TEMP 24.89 26.91 -
MEAN 2 05 1. 89 2. 75 2. 20 1. 43 2 10
SD 0. 12 1. 05 0.86 0. 83 0 53 0. ."- .---

ACTUAL DATA

SPREAD %
Up Down...; ~Test 0 1 , :i

-04 0 -0.30 -0.30 -0.20 -0.20 -0 20 -0.07 0 07
•0 10 -1 44 -0. 02 -1,50 0.08 -1 32 0 74 -0 74

0.90 -0.28 0. 76 -0 20 0 96 -0 14 0. 54 -0 54
0 20 -0.62 0.24 -0 30 O. 54 -0.36 0 38 -0 38

-0 50 -0 76 0 22 -0. 40 0.02 -0 38 0 25 -0 Z5
-0.30 -0.30 -0.20 -0 20 -0.20 -0.20 0 0

Test 0 2
-0 10 0,50 0 50 0 20 0 20 0.10 -0 03 0 03

" -0 44 0 29 -0 50 0 04 -0 50 -0,22 -0 26 0 2
I 032 1.86 0.70 1 78 0.50 126 -0 5 056 0. .

0 18 2 54 0 40 1 92 0 10 1 14 -0 82 0 62,
-0 46 2 02 0 1 46 -0 10 0 82 -0 e2 0 1
0 50 50 0 20 0 20 010 010 0

Yost 0 3
0 0 10 0 10 0 30 0 30 0 20 -0 0 0 03

-7-: . .. ,

-* - . -

"' %." .. "

.. ,' '" ."...

. . . . . . . . . . . . . . ..... S....- ... "...-,. .'.,.? ..
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0 88 -0 20 0 74 -0 1 0.92 0 00 0.46 -0 46

0.88 -0 00 0 98 0.36 1.04 0.50 0.34 -0 34
-0 06 -0 30 0,42 0 24 0.26 -0 10 0. 13 -0 13
-0 49 -0 90 -0 34 -0 be 0 i -0 70 027 -0 27

0. 10 0. 10 0.30 0 30 0.20 020 0 0
Test 4 4

2. 90 2 90 2. 90 3 10 3. 10 3.20 -0.05 0 05
2.00 3 00 2.24 2.6B 2.50 272 -0.29 0 29
3,00 4.40 3 49 4.26 3.70 4.34 -0.47 0 47
2.40 4.30 2.42 3.74 2.70 3. 66 -0.70 0.70
2.50 4.70 2.96 4.22 3.10 4.08 -0.74 0.74 4
2.90 2.90 3. 10 3.10 3.20 3,20 -0.00 -0.00

Test * 5 ;e -F

3.7 0 3 20 3.20 3. 10 3 10 3. 10 0. 10 -0. 10
224 2.74 2.76 2.44 2.80 2.60 0.00 -0 00
3.18 3.56 3.32 3.48 3.50 3.40 -0.08 009 0- 8
2.82 3.92 2.98 3.42 3.40 3. 60 -0.29 0.29
3.06 3. 56 2.74 3. 16 3.20 3.50 -0.20 0.20

3,20 3.20 3. 10 3.10 3. 10 3. JO o. 0.
Test 0 6
140 1.50 1.50 1.50 1.50 1.60 -0.03 0.03
2.24 0.66 2.64 0.74 2.62 0.74 0.89 -0.89
2. 18 0.62 2.68 1.18 2.44 0.78 0.79 -0.79
1.22 0. i 1. 82 0 52 1.36 0 22 0. 5 -0. 58 ,
0.96 -0.46 1.48 0.16 0.88 0.06 0.59 -0.59
1.50 1.50 1.50 1.50 1.80 1.60 0. 0.

Test * 7
2.10 2.20 2.20 2. 10 2. 10 2.30 -0.03 0.03
2.78 1.20 2.90 .1 i6 2.90 1.34 0.91 -0 81
3.36 2.50 3.70 2.26 3.70 2.18 0.64 -0.64
2.64 2.00 2.80 1.54 2.50 1.62 0.50 -0,50 %
2.62 1.90 2.40 1. 72 2.30 1.66 0.34 -0.34
2.20 2.20 2. 10 2. 10 2.30 2.30 0. 0.

Test 0 9

1.20 1.50 1.50 1. 50 1.50 1.90 -0.12 0. 12
1. 12 0.59 1. 50 0.50 1.70 0.58 0.44 -0.44
2.44 2.06 2.70 2.70 2.70 2.18 0.32 -0.32 * -

2.16 2.44 2.10 1.50 2.20 2.04 0.08 -0.09
1. 68 1. 12 1. 40 1. 10 1. 80 1 82 0 14 -0. 14
1.50 1.50 1.50 1.50 1.90 1.90 0. 0. r.

Test 0 9
3.70 3. 10 3. 10 2.90 2.90 3.30 0.07 -0 07
3.42 1.60 2.99 1.74 3. 16 2.44 0.63 -0. 63
3. 94 2.90 4.26 3.29 3.92 3.98 0 33 -0.33 J.
4 06 2.50 3.44 3.32 3.48 3.92 0.21 -0.21 -
3 39 2.40 3.62 3.06 3.34 3.56 0.22 -022
3.10 3 10 2.90 2.90 3.30 3.30 0. 0...

Test * 10
1.80 2. 10 2. 10 2. 10 2. 10 2. 10 -0.05 0.05
2.74 1.00 2.92 1.02 2.88 0.79 0.96 -0.96
3 38 1.90 3. 64 2.04 3. 56 1.98 0. 79 -0.7e
2.42 1.00 3.08 1.78 3. 14 1.94 0.67 -0 67
1. 16 1. 10 2. 18 1 19 2.02 0.92 0. 36 -0 36 .
2 10 2. 10 2. 10 2. 10 2 10 2.10 -0.00 -0.00

Regression E

Equation

2 .17*T19 - 1.06*T7 + 0.91*T5 - 50.70 ,, ,,

* r. . . - - - ., -.. . . . . . ....-..... ,.
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TESTI 't TS2ET3 xTES' EST563 ET ET1yTMXT
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Z AXIS
RESULTS OF VERT. ST. ERROR (micron)
.m immilmmimimmaimnmmmmmmammm

X axis at 141. 125 "s

Y axis at 64.214 ses
Z axis at 450.000 ars 
Dip of laser R

Test 1

P0S 0. 50. 100. 150. 200. 250.
TEMP 22. 55 22. 85 Et2-06 2a6-27 22.36 22. 16
TEMP 22.26 22.28 22.41 22.33 22.46 22,33
TEMP 22. 38 22. 01 22. 16 21. 91 22. 04 21 91
TEMP 22.29 21.87
MEAN -5. 83 -3. 61 -4. 78 -6. 05 -6. 93 -6. 53
SD 1.68 3.31 3.28 3.18 3.65 0.10

Test 0 2

P09 0. 50. 100. 150. 200. 250.
TEMP 24.39 25.47 23.92 25.00 23.92 23 15
TEMP 23.45 23.03 23.15 22."93 23."03 23.0
TEMP 23.23 23. 11 23.45 22.96 23.20 22.81

TEMP 23. 16 22. 59 %
MEAN -7.39 -7. 58 -7. 93 -7.63 -7.40 -7. 43
SD 0.13 0.28 0.39 0.44 0.20 0.10 91

Test 0 3

POS 0. 50. 100. 150. 200. 250.
TEMP 25.30 27.73 25.04 26.63 24.55 23.91

TEMP 24.25 23.47 23.59 23.47 23.69 23.52
TEMP 23. 76 23. 71 24. 10 23. 34 23. 79 23. 29
TEIP 23.69 23. 00
MEAN -10. 67 -10. 9 -11.40 -10.95 -10.47 -10.67
SD 0.05 0.39 0.62 0.54 0.59 0 05

Test 0 4

POS 0. 50. 100. 150. 200. 250.
TEMP 26.09 30-12 26-9 29.25 25.31 24.62
TEMP 25 29 24.33 24. 33 24.21 24. 60 24. 14
TEIP 24 43 24.33 25.05 23.99 24.41 23 87
TEMP 24.21 23.52
MEAN -11.57 -11.92 -12.62 -11.94 -11.66 -11.50
SD 0. 14 0 29 0. 35 0. 37 0. 36 0 09
Test 0 5

POS 0. 50. 100. 150. 200. 250.
TEMP 26.93 33 29 29.39 31.94 26.49 25.79 .
TEMP 27 11 25.59 25.76 25.39 25.91 25.15 _
TEMP 25 39 25 27 26 57 24.70 25.49 24.79 '
TEMP 25. 10 24. 36 

-f

MEAN -10.35 -10.40 -11.46 -10.96 -10.45 -10.27 0
SD 0 21 0. 45 0. 42 0 53 0. 58 0. 19

Test 6
'

POS 0 50. 100. 150 200. 250
TEMP 26 88 35.29 30 89 33 61 27.41 26 65
TEMP 28 56 26 53 26 97 26 41 26.85 25 94
TEMP 26 14 25 97 27 75 25 36 26 34 25 53 ..-
TEMP 25 72 25 06
MEAN -5 50 -5 62 -6.74 -6 09 -5 33 -5 43 0

.--.. .:-i-

. .. ....... . . .,. . .. o.. . ... .. ...... *...*r/

.. .. .. . .. . ,-.. . , .- .. .-.,.,. -. - . . , - . , .2- -- . . - ,- . . .,, .,.. . * *;-%
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SD 0 20 0 33 0 42 0 64 0.72 0 23 YN
Test 0 7

POS 0 50. 100 150 200 250
TEMP 27 02 36 93 31 79 35.00 28 17 27,39
TEMP -9 66 27. 41 M9. 22 27. 29 27. 93 26. 75TEMP -7.00 26. 61 28. 68 25,87 27. 02 26. 19

TEMP 26. 39 25 67
MEAN -2 07 -220 -3.37 -2.43 -2. 15 -1.97
SD 0.20 0.41 0. 43 0.48 0.49 0.21

Test 0 8

Pos 0. 50. 100. 150 200. 250.
TEMP 26.98 33 16 30 54 31. 17 29.06 27.33
TEMP 29 60 27. 30 2B. 04 27. 38 27. 84 27. 13
TEMP 27. 35 26. 94 28. 62 26. 13 27. 21 26. 50
TEMP 26.,69 26. 01
MEAN 5.05 5. 11 4.06 4 60 4.91 5.23
SD 0.37 0. 57 o. 55 0.84 0.49 0 31

Test 0 9

POS 0. 50. 100. 200. 250 300.
TEMP 25.25 30.54 28.96 32.26 26 0 26.67 -.

TEMP 28. 62 27.25 28. 52 27. 72 27. 72 27.05
TEMP 27. 13 25. 88 27. 01 25. 37 25. 93 26. 05
TEMP 26. 03 25. 78
MEAN 20.00 19.94 18.75 19.39 19.96 20.13
SD 0.25 0.60 0.53 0.56 0.39 0.21

Test 0 10

P0S 0. 50. 100. 150. 200. 250.
TEMP 25. 05 29. 76 28. 3S 30. 93 26. 25 2b. 37
TEMP 28.25 26. 9e 29.37 27.62 27.62 26.99
TEMP "7. 01 25. 69 26. 79 25. 19 25. 73 25. 93
TEMP 26. 12 25 66
MEAN 22. 28 22 13 21. 17 21.57 22. 13 22.37
SD 0.21 0,31 0.39 0.73 0.51 0,23

ACTUAL DATA

SPREAD
Up DownuV

Test 1
-2.40 -6 40 -6 40 -6.60 -6 60 -660 0.70 -0 70
-2.92 -0.72 -7.96 -1.62 -7.98 -1.62 -2.49 2 49
-3 14 -1 74 -8.96 -2 94 -9.96 -2.94 -2.24 2 24
-2 66 -4 86 -10. 4 -4.36 -10. 04 -4 36 -1. 53 1.53
-2.59 -5 39 -11.42 -5 38 -11.42 -5.39 -1. 55 1. 55
-6.40 -6 40 -6 60 -6.60 -6.60 -6.60 -000 -0.00 -'*"'-

Test 0 2 '..*
-7.20 -7. 30 -7.30 -7. 50 -7 50 -7. 50 0,05 -0.05
-7.60 -7 32 -7.86 -7.30 -7.96 -7.46 -0.22 0.22 - *,*

-7.90 -7.54 -. 12 -7 70 -9.62 -7.72 -0.29 0.28
-7. 90 -7. 16 -7. 98 -7. 20 -8. 19 -7. 39 -0. 39 0 39 ts'J
-7. 50 -6. 9 -7. 44 -7 30 -7. 84 -7. 34 -0. 19 0 19 •
-7. 30 -7 30 -7 50 -7. 50 -7. 50 -7. 50 0. 0

Test * 3 .

-10 60 -10 70 -10.70 -10 70 -10 70 -10.60 0. 0 ..,

, .,-':'.'"'

* 0

' * ". "." "k *era" " m "." m. ". " " " . ................................................... '"



294

-11.28 -10.60 -11.30 -10.70 -11.40 -10.59 -0.35 0 35 0
-12 06 -10.90 -12,00 -11.00 -11.90 -10 66 -0. 55 0 55
-11 24 -10.60 -11.70 -10.50 -11.30 -1O 34 -0. 47 0 47 NO
-10 92 -10.40 -11.20 -10.00 -10.70 -9.62 -0.47 0.47
-10 70 -10. 70 -10. 70 -10. 70 -10. 60 -10. 60 0. 0.Test 0 4 "

-11.90 -11. 60 - 1. 60 -11. 50 -11.50 -11.40 -0.07 0.07
-12.26 -11.62 -11.92 -11.50 -11.92 -11.50 -0.21 0.21
-13. 12 -12. 44 -12.94 -12.20 -12. 64 -12 40 -0 .2 0 29 - _
-12.49 -11.96 -12. 16 -11.50 -12.06 -11.60 -0.29 0 29
-12 14 -11.99 -11.49 -11.40 -11.79 -11.20 -0.14 o 14
-11.60 -11.60 -11. 5 -11.50 -11.40 -11 40 0. 0-
Test * 5
-10 60 -10. 50 -10. 50 -10. 20 -10. 20 -10. 10 -0. 0 0. 08
-11. 10 -10.29 -10.58 -9 92 -10.59 -9.96 -0.3! 0 35
-12.00 -11.26 -11 B6 -11.04 -11. 56 -11.02 -0.35 0 35 r '
-11.40 -10.64 -11.54 -10. 56 -11.34 -10.29 -0.47 0.47 0
-11.30 -10.52 -10.92 -9.99 -10.42 -9.74 -0.40 0.40
-10. 50 -10. 50 -10.20 -10. 20 -10. 10 -10. 10 0. 0.
Test * 6

-5 60 -5.70 -5,70 -5.40 -5.40 -5.20 -0 07 0.07
-6. 14 -5.66 -5.76 -540 -5.60 -5. 16 -0 21 0 21
-7.18 -6.92 -7. 12 -6 40 -6.70 -6 12 -0.26 0 26
-6.92 -6. 0 -6.68 -5. 70 -6. 20 -5. -0.47 o47
-5.96 -5.34 -6.34 -5.00 -5.00 -4 34 -0.44 0 44
-5. 70 -5. 70 -5. 40 -5. 40 -5. 20 -5. 20 -0. 00 -0. 00

Test 0 7
-2.30 -2. 10 -2.10 -2. 1o -2. 10 -1. 70 -0. 10 0 10
-2.99 -2.24 -2.20 -1.70 -2.34 -1.86 -0.27 0.27
-3.8 6 -3.8 -3. 0 -3. 00 -3.5 -2 82 -0.37 0. 37
-3.04 -2.32 -2.60 -1.90 -2.92 -1.99 -0.39 0.39
-2.92 -2.16 -2.10 -1.70 -2.56 -1 54 -0.35 0 35
-2. 10 -2.10 -2.10 -;2. 10 -1.70 -1.70 -0.00 -0 00

Test 8
4.50 4.90 4.90 5.20 5.20 5.60 -0 19 0. i9
4. 34 5. 12 4.60 5. 76 5 12 5 70 -0.42 0 42" . -
3. 59 3.94 3.70 4.72 3.64 4.90 -0.42 0 42
3.92 4.56 4.00 5.O9 4.46 5.60 -0.49 0 48
4.46 5.08 4.60 5. 14 4.4 5. 70 -0.40 0.40
4.90 4.90 5.20 5.20 5.60 5.60 0. 0 ,

Test * 9
19.60 20.00 20 00 20 00 20 00 20.40 -0 13 0 13
19. 16 20. 24 19. 58 20. O 19. 70 20 88 -0 46 0. 46
18 02 19. 39 19.56 18. 56 18 60 19. 36 -0. 35 0 35
18 69 19. 72 19. 14 19. 54 19 00 20. 24 -0. 45 0 45
19 64 20. 06 19. 72 20. 12 19. 60 20 62 -0. 31 0 31
20.00 20.00 20,00 20.00 20 40 20 40 0 0

Test * 10
22 10 22. 10 22. 10 22. 40 22. 40 22 60 -0. 08 0 0-
21 70 22.40 21986 22.42 22.04 223 e -0.27 02" 0
20 50 21 40 21. 02 21 44 21 08 21. 56 -0. 30 0 30
20 80 21.70 20.6e 22 26 21.52 22,44 -0.57 0 57
21 40 22.20 21.84 22.oe 22 36 22.92 -0.27 0 27
22 10 22 10 22.40 22 40 22 60 22 60 0 0 . .. -

Regression Equation
7 . 7 3*T9 - 2.65*T2 - 1.05*TI 93.54

"• ' . -. °.. %.

*
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2 AXIS
RESULTS OF PITCH ERROR (ar-c -csC)

::lr: at 300 00 Mos(indep Dvc

z aIs at 300 00 min (ndp

POs 0. 50. 100 150. 200. 250r
POs 300. 350 400 450 500. 550.
Pas 600.
TEMP 28. 25 27. 69 27. 59 29.10 2. 10 27. 59
TEMP 27,62 27.74 27 93 29.20 28.23 29 30 "ATEMP 29.23 27. 50 27 42 27,.9 27.23 27.47
TEMP 27. 74 27,30
MEAN -1. 78 -1 97 -2 24 -2.59 -2.99 -3 20
MEAN -3. 67 -4 13 -4 57 -5. 14 -5. 69 -6 07
MEAN -6. 17
SD 1. 05 1.02 0.96 0.99 0.80 0.91
SD 0.74 0 91 0 95 0.99 0.79 0.90
SD 0.86

Test 0 2

P0s 0. S0. 100. 150 200 250.
P05 300. 350. 400. 450. 500. 550,
POs 600.
TEMP 29.20 29 31 29.26 31. 11 29.09 27.87
TEMP 28. 17 28. 07 29. 48 29. 56 28. 68 28 63
TEMP 28. 44 27 78 27 21 26. 92 26. 31 27. 61
TEMP 27. 34 27 31
MEAN -6 95 -7 10 -7 40 -8 08 -e 44 -9. 75
MEAN -9.06 -9 73 -10 12 -10 52 -11 27 -11.54
MEAN -11.92
SD 0 47 0.47 0 31 0 63 0.61 0.45
SD 0, 56 0. 70 0. 54 0 61 0 21 0. 49
SD 0 35

Test b3

Pas 0 50. 100 150 200. 250.
P0s 300. 350. 400. 450. 500. 550

*TEMP 29. 35 32 90 30. 50 34. 49 29. 65 28 92
TEMP 29 70 29. 09 29. 58 29. 38 29 69 219 29
TEMP 29 24 2e.49 28. 99 28. 12 29 34 29 34
TEMP 29. 59 2e.02
MEAN -5 22 -5, 56 -6. 20 -6 35 -6 90 -7. 40
MEAN -7.72 -8 32 -9. 00 -9 37 -9 98 -10. 76
MEAN -10. 46
SD 0 19 0 74 0 55 0.35 0983 0 65
SD 0 64 0.43 0,30 0.35 0 37 0.453SD 0 07

P09 0 50. 100. 150 200. 250
P0s 300 350 400, 450 500. 550. 

-
Pas 600 ~
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TEMP 29.38 33 47 31. 10 35.29 29. 17 29.59
TEMP 30 05 290 9 299 95 29.90 30.37 29.46
TEMP 29. 42 27.79 28.59 27. 49 27. 64 27. 96
TEMP 27.83 27 62
MEAN -11.60 -11. U5 -12. 71 -13. 19 -13.65 -14. 17
MEAN -14.69 -15.47 -16.09 -16.92 -17. 17 -17.78 1 .A
MEAN -17.86

SD 0.56 0.53 0.64 0.62 0.73 0.65 -•
SD 0.48 0.49 0.59 0.49 0.68 0-72
SD 0 57

Test 6 5

P0s 0. 50. 1oo 150. 200 250.
PD: 300. 350. 400. 450. 500. 550.
Pas 600.
TEMP 28. 75 32. 99 31. 03 35. 69 29 99 29. 53
TEMP 30,04 29.99 30.18 29.94 30.21 29,45
TEMP 29. 23 27. 53 28. 33 27.26 27.40 27. 72
TEMP 27.62 27.49
MEAN -12 02 -12 32 -12. 79 -13. 64 -14. 06 -14.80 e_
MEAN -15. 54 -16. 29 .- 16.96 -17. 81 -19. 41 -19.02

MEAN -19. 5
SD 053 0.65 0.53 0.62 0.53 0.52
SD 0.67 0.67 0.99 0.99 0.99 0.94
SD 0.57

Test 0 6

P0s 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400 450 500. 550.
P09 600. '

TEMP 29 27 3290 31. 01 36 25 29.5 3 29. 06
TEMP 30. 45 29 35 30. -59 30 25 30. 74 29 96
TEMP 29.79 2825 29.40 2769 28.21 2828
TEMP 28.,69 2799
MEAN -. 04 -8 31 -9.59 -9 36 -10. 00 -10 39
MEAN -11.13 -11 93 -12.56 -13.13 -13.96 -14.75
MEAN -14.87
SD 0.75 0 96 1.31 0.69 0.67 0.8
SD 0.70 0 60 0.70 0.72 0.60 0.52
SD 0.72

Test 0 7

POS 0. 50. 100. 150 200. 250.
P0s 300. 350. 400 450. 500. 550. 0
P0S 600.
TEMP 28.27 3280 31.01 3625 29.53 29.06 ,..-.
TEMP 30.45 29 35 30.59 30 25 30.74 29.96
TEMP 29.79 28 25 29 40 27.69 28. 21 29. 28 -'-
TEMP 28.69 27 99 .
MEAN -9.04 - 31 -9 70 -9 46 -10.11 -10.43
MEAN -11 23 -12 07 -12.65 -13 23 -14.09 -14 87
MEAN -14.74
SD 075 0 96 1 29 0 77 0.78 0 94
SD 0.76 0 68 0 76 0 78 0 66 0 57
SD 0.64

", " .",." .

;.'.',; .....'...... .... ..................i. ... . -.......... '.... ."
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* Test 0 9

POS 0. 50. 100 150 200. 250.
POs 300. 350. 400 450. 500. 550.
Pos 600.
TEMP 27.90 33.60 31.06 36.88 29.26 2687 7
TEMP 30.36 29.26 30.79 30.50 31.23 219 99
TEMP 30. 09 27. 70 29. 14 27 19 27. 92 27 90
TEMP 28. 73 27. 63
MEAN -9.97 -10.41 -11.20 -11.96 -12.57 -13.20 -L V
MEAN -13. 71 -14. 67 -15. 52 -16. 29 -17. 14 -17. 61
MEAN -17.77
SD 0.17 0.49 0.52 0.47 0.45 0.54
SD 0.33 0.58 0.56 0 39 0.48 0 51
SD 0.12

P0s 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500. 550.
P0 600.
TEMP 28.55 34.90 32. 00 36.72 30.06 29.35
TEMP 31.07 29.64 30,93 30.76 31. 4b 30.22
TEMP 30.47 28.35 29.57 27.94 28.52 29.47
TEMP 29.06 28.20
MEAN -9.51 -8.90 -9.83 -10 53 -11 25 -11.79
MEAN -12.39 -13.23 -13.94 -14. 5 -15. 66 -16.22
MEAN -16.27 ,
SD 0.48 0.48 0.45 0.46 0.40 0.31
SD 0.27 0.25 0.25 0.36 0.40 0.51
SD 0.36

Test 0 10

P0s 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400. 450. 500. 550.
POS 600.
TEMP 28 55 35. 13 32 21 35.73 30.44 29.54 .-0---'
TEMP 31. 24 29. 8 31.07 30.59 31.32 30.22
TEMP 30 37 29 57 29. 86 28. 15 29. 74 29. 64
TEMP 29.17 29.35 " "
MEAN -8 39 -9.10 -9.69 -10.38 -10 99 -11.36
MEAN -12.07 -12.93 -13.40 -14. 20 -15. 05 -15.49
MEAN -15.66.--. -
SD 0.32 0.44 0,40 0. 47 0 67 0.61
SD O. 44 0.39 0.40 0.40 0. 14 0.42
SD 0 14

ACTUAL DATA

SPREAD

Up Down-
Test S 1

-0 12 -1 30 -1 30 -1 61 -1.61 -1.73 0 77 0 23
0. -1. 57 -0 71 -2.20 -1. 50 -2.93 1. 14 -0.33
-0 55 -1.93 -1 34 -2 36 -1. 77 -2.93 1.02 -0.14 -
-0 59 -2 40 -181 -2 69 -2 05 -3.59 1 10 -0.30

. .. ~~~~~~~~~~~~~~~~~.......... .................. .- ......... ... ........... .. '-....,,,,.. ... .- ,.. •: .'.,.
7..

. . . . . ..
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-1 69 -2.52 -1 97 -2 13 -2.09 -3.06 0.96 -0. 19
-1. 77 -2.80 -2.28 -3. 43 -2. 68 -3.90 0.96 -0. 17
-2.52 -3.07 -2.87 -3. 59 -3.35 -3.94 0.76 0. 14
-. 52 -3.43 -3.27 -4 02 -4.02 -4.57 0.66 0. 12
-3. 19 -3.62 -3.74 -4. 45 -4.25 -5. 16 0.85 0. 17
-3.54 -4.33 -4.45 -5.47 -4.65 -5.75 0.93 -0 05
-4. 17 -4.84 -5. 16 -5.79 -5.51 -6.26 0.75 O 06
-4 53 -5.43 -500 -6.26 -5.67 -6.54 1.00 -0.01
-5.08 -5.08 -5.43 -5.43 -6.30 -6.30 0.57 0 57
Test * - 2

-6.42 -6.61 -661 -7.48 -7.48 -7.09 0.11 -0 11
-6.50 -7.47 -7. 32 -6.50 -7.44 -7.36 0.01 -0.01
-7.01 -7.76 -7. 17 -7. 20 -7.56 -7.68 0.15 -0 15 Z
-6.89 -8.39 -7.91 -. 19 -. 58 -8.50 0.28 -0.28
-7. 56 -8. 23 -8. 19 -9 25 -9 39 -9. 02 0. 39 -0 39
-8.19 -9.21 -8.70 -0 31 -9.29 -8.78 0.02 -0. 02
-8.74 -8.94 -9.29 -627 -9.92 -9.21 -0.26 0 26
-9.37 -9.49 -10.39 -8.78 -10.67 -9.69 -0.41 0.41
-9. 61 -10.39 -10 24 -9.84 -11 02 -9.65 -0.16 0 16
-9.61 -10.75 -10.39 -10.39 -11. 50 -10.51 0.03 -0.03

-11. 14 -11. 57 -11.30 -10.94 -11.30 -11.38 0.03 -0.03
-11. 0 -11.93 -10.98 -10.98 -12 17 -11.69 -0.01 0 01
-11. 54 -11.54 -11.89 -11 .9 -12.32 -12.32 0. 0

Toot . 3
-4.88 -5.35 -5 35 -5-20 -5.20 -5.35 0.06 -0.09
-4.84 -6.54 -5.00 -5.75 -4.88 -6.30 0.63 -0 63
-5.87 -6.57 -6. 06 -6.26 -5.43 -7.01 0.41 -0 41
-6 10 -6.69 -6.14 -6.50 -5.91 -6.77 0.30 -0 30
-5 75 -7.99 -6 61 -7 60 -6.34 -7.13 0.67 -0 67
-661 -7 95 -77 ,6 -7.48 -6.57 -8.03 0.42 -0 42
-6 81 -8.23 -7.76 -7. 60 -7.32 -862 0.43 -0 43
-7.68 6.50 -8 11 -8.27 -839 -8.98 0.26 -0 26
-8 58 -9.06 -8.90 -9.09 -8.86 -9.49 0.22 -0 22
-9.02 -9.96 -9. 13 -9.61 -9.25 -9.25 0.24 -0 24
-9 45 -10. 24 -9 72 -10 51 -10 00 -9.96 0.26 -0 26

-10.35 -10_ 1 -10 31 -10.79 -10 67 -11. 54 0-31 -0 31
-10.39 -10.39 -10.43 -10.43 -10. 55 -10.55 0 0 *i"

Test 0 - 4
-11 57 -11.65 -11.65 -11.06 -11.06 -12.60 0.17 -0 17
-11 93 -12 20 -11.50 -11.85 -11 06 -12.56 0.35 -0 35
-12 68 -13 19 -12.28 -1267 -11.73 -13.50 0.48 -0 48
-12 00 -13.98 -13 23 -13.03 -12.32 -13.78 0.41 -0 41
-13 78 -13 74 -13 35 -13.50 -12.64 -14.88 0.39 -0 39 % %

-14. 37 -14. 57 -13. 90 -14. 25 -13. 03 -14. 92 0. 41 -0 41
-14.53 -15.00 -14.69 -15.00 -13.82 -15.2 0.35 -0 35
-15. 51 -15. ?4 -15 31 -15 51 -14.61 -15 91 0.32 -0 32 ....
-15.83 -16.93 -15 91 -16 30 -15 20 -16.38 0.45 -0 45
-17 05 -17 44 -16 38 -17 17 -16. 14 -16. 77 0 30 -0 30
-17 44 -17. 91 -17 29 -17 52 -15 94 -16. 93 O 28 -0 28
-19 15 -18.78 -17.60 -18 11 -16 73 -17.29 0.28 -0 28 4
-18 43 -16 43 -17 99 -17 99 -17 17 -17. J7 -0 00 -0 O0

Test 0 5
-11 73 -12.20 -12.20 -11.54 -11.54 -12.91 0.20 -0 20
-12 24 -13. 11 -12 05 -12 99 -12 17 -11.34 0 16 -0 16
-12 8O -13 27 -12 72 -13 46 -12 36 -12 05 0 15 -0 1 t"
-13, 58 -14 76 -13 46 -13 79 -13 23 -1299 0 21 -0 2 1
-13 86 -14 80 -14.13 -14 49 -13 70 -13 35 0 16 -0 1.,
-15 16 -15 29 -14 96 -15 04 -14 49 -13 90 -0 07 0 0/ * 4
-15 99 -16 02 -15 67 -15 98 -15 31 -14 29 -0 11 0 ,-
-16 85 -16 97 -16 26 -16 46 -16 06 -15 12 -0 10 0 I"

Z ..-.....

. ... °. ..

..... ..... . _ .. ~~~~~~.. . . . . . . . . .........._ ........ . . . . ..-....• - ,, -- " . .-- ,,."--,---.-.- .
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-17 80 -18 0.3 -16. 65 -17 28 -16.26 -15 75 0 06 -0 0&,
-19 23 -18 90 -1& 23 -17 87 -17 24 -16 39 -0 09 0 09
-18. 62 -20. 04 -18 "3 -18 74 -17.56 -17. 24 0 27 -0 '7

-19 69 -20 43 -is 59 -19 17 -18. 35 -17 97 0. 14 -0 14
-20 16 -20. 16 -19. 69 -19 69 -18 90 -18. 90 0. 0

Test S = 6
-6.54 -e 19 -8 19 -843 -8.43 -8 4b 0.32 -0 32
-6.54 -8 74 -7.95 -899 -9.54 -9. 13 0.64 -0 64
-7. 83 -9. 37 -9. 17 -10. 31 -11. 73 -9. 13 0. 01 -0 01
- 835 -8. 98 -9 65 -10. 28 -9. 17 -9. 78 0. 31 -0 31

-10 20 -e. 82 -9. 98 -10. 83 -9.96 -10. 31 -0. 01 0 01
-9.21 -9.53 -10.43 -11. 57 -10.55 -10.99 0.31 -0 31 ..:.,, -

-10.43 -10.35 -10.98 -12.20 -11.50 -11.30 0. 16 -0 16
-11.42 -11.06 -12.28 -12.69 -12.24 -11.9 -0.05 0.05
-11.73 -11.73 -12.87 -13.50 -12.80 -12.72 0.09 -0 09
-12 44 -12. 13 -13. 31 -14. 06 -13. 58 -13.27 0. 02 -0 02 , %
-13.11 -13. 54 -14.45 -14.76 -14.06 -13.86 0.09 -0 09
-14. 17 -14. 57 -15. 00 -15,67 -14. 45 -14.69 0. 21 -0 21
-13.94 -13.94 -15. 31 -15.31 -11, 35 -15.35 0. 0.

Test 0 m 7
-6, 54 -8. 19 -8. 19 -8.43 -9.43 -8.46 0.32 -0. 32
-6. 54 -8. 74 -7. 95 -8. 99 -8, 54 -9. 13 0. 64 -0 64
-7.93 -9.37 -9. 17 -10.31 -11.73 -9.76 0. 12 -0 12 e
-6-.35 -8.98 -9.65 -10.28 -9.17 -10.31 0.40 -0.40 . ,-

-10.20 -9.82 -9.88 -10.83 -9,96 -10.99 0.10 -0 10
-9.21 -9.53 -10.43 -11.57 -10.55 -11.30 0.37 -0.37

-10.43 -10.35 -10.99 -12.20 -11.90 -11.9 0.26 -0 26
-11.42 -11.06 -12.29 -12.60 -12.24 -12.72 0.09 -0.09
-11.73 -11.73 -12.87 -13.50 -12.80 -13.27 0.18s -0.19
-12.44 -12. 13 -13. 31 -14.06 -13. 58 -13. 96 0. 12 -0 12
-13. 11 -13.54 -14.45 14.76 -14.06 -14.65 0.22 -0 2"
-14. 17 -14.57 -15. 00 -15. 67 -14, 45 -15 35 0. 33 -0 33
-13.94 -13.94 -15.31 -15.31 -14.96 -14 96 0. 0

Test - 8
-9.69 -10.08 -10.08 -10.09 -10.09 -9 94 0 03 -0 03
-9.84 -10 79 -10. 08 -10. 94 -10. 00 -10. 93 0 44 -0 44

-10.79 -11.61 -11. 10 -11.77 -10.43 -11. 50 0 43 -0 43 .. .
-11.50 -12.56 -11.61 -12.36 -11.54 -12.20 0.41 -0.41
-12. 05 -13. 15 -12.36 -12. 97 -12. 13 -12. 83 0. 39 -0 3.
-13,07 -14.06 -12 68 -13.50 -12.64 -13.27 0 41 -0 41
-13 62 -14.02 -I,62 -14.06 -13.15 -1382 02 9 -0 25
-15,12 -15,55 -14 25 -14.5 -13.94 -14 65 0.24 -0 4
-15.63 -16 02 -15 16 -16.06 -14.61 -1- 67 0.39 -0 39
-16. 50 -16. 65 -16. 06 -16. 73 -15.79 - x 98 0. 17 -0. 17
-17 20 -17. 76 -17. 09 -17. 36 -16. 30 7. 13 0. 28 -0 28
-17 91 -18 43 -17. 36 -17. 60 -16. 93 -17. 44 0. 21 -0 21
-17 91 -17.91 -17.76 -17 76 -17.64 -17.64 0. 0

Teot 9
-858 -8 70 -8.70 -7.95 -7,95 -9. 17 0 10 -0 10
-962 -9.21 -9.94 -9.74 -827 -9.65 0.30 -030
-9.21 -10.39 -9.76 -10.04 -9.41 -10 16 0 37 -0 37

-10 24 -11. 18 -10 43 -10.04 -10,26 -11.02 0. 22 -0.22
-11.02 -11.69 -10.94 -11.42 -10.75 -11.65 0 34 -0 34
-11.69 -12.40 -11. 54 -11. 6 -11. 69 -11.91 0. 15 -0 15
-12-20 -12. 76 -12 09 -12. 64 -12. 17 -12. 44 0. 23 -0. 23.-- 13. 31 -13 . 54 -13 19 -13. 19 -12',.0 -13. 35 0. 13 -0 13 ..... :.

-13 74 -14.37 -13 90 -13 94 -13 66 -14.02 0 17 -0 17
-14. 57 -15. 20 -14 61 -15 16 -14. 41 -15 16 0. 32 -0 32
-15 47 -16 22 -15.24 -16 02 -15.31 -15 71 0.32 -0 32
-16 34 -17.05 -15 63 -16 26 -15 75 -16. 30 0. 31 -0 31".S,. "

.
.........

2.- 0. 1 - . .

*2

.~~, . -... . -. .-
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-1b 73 -16 73 -160 8 -16 06 -16.02 -16 02 0. 0
Test 6 - 10

-6 39 -868 -688 -W643 -1.43 -7.30 -0.10 0. 10
-8 96 -9.72 -66 " -9. 53 -8. 54 -6. 9 0.31 -0.31
-9 61 -9.53 -957 -10.26 -9. 13 -10.00 0.25 -0.25

-10 04 -10 67 -10 12 -1091 -9.76 -10. 79 0.41 -0.41
-10 26 -11.89 -10.39 -11.30 -10.51 -11.89 0.80 -0.80
-10 59 -12 01 -11. 02 -12. 17 -11. 06 -11.30 0.47 -0.47
-11 50 -12 56 -1193 -12.56 -11.89 -1220 0.37 -0.37
-12 b6 -13 39 -12.72 -13.23 -12 48 -12 46 0.20 -0.20
-13 11 -14 08 -13. 56 -13.50 -13. 15 -12. 0. 12 -0. 12
-13 96 -14 60 -13.94 -14.61 -13.94 -13.94 0.25 -0.25
-15 00 -15 04 -14. 00 -15. 24 -15. 08 -15. 12 0.09 -0. 09
-15 24 -15 94 -15.43 -15.94 -14.94 -15.51 0.31 -0. 31
-15 83 -15 83 -15. 51 -15. 51 -15 63 -15 63 0. 0.

Regression Equat ion "..

Tll*-4.07 - 0.35e-3*T2*Z + 5.72TI9 - 0o.37*T2 . .-34+.67 ,-.

A-. ...

7

. o,. %°.-
i': ".~'". ': . .*

• ..-,:.:.

I; ".-'. -','." .
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Z AXIS
RESULTS OF ROLL ERROR (arc-set)

X axis at 140 000 max k , .

Y axis at 429. 999 mes~
Z axis at 24.999 ma ....
Ref is at * ve on right

Test 0 1

P05 0. 50. 100. 150. 200. 250.
P0s 300. 350. 400. 450. 500. 550.
TEMP 25.40 25 57 25.25 26.14 25.35 25. 11
TEMP 25. 18 25. 23 25. 38 25. 38 25. 49 25. 40
TEMP 2550 2501 25.06 2491 24.99 2501
TEMP 25. 31 24 96
MEAN 0. -0.09 -0.67 -1.09 -1.92 -2.50
MEAN -3 93 -4. 50 -5 25 -6. 50 -7. 00 -7 50 -
SD 0. 0.20 0.75 1.07 0.96 0.55
SD 0.61 0.55 0.82 0. 55 0. 55 0.

Test 6 2

P 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500. 550. " -
TEMP 26.00 27.59 26.23 29.31 25.99 25.55
TEMP 25. 87 25. 60 25. 84 25. 70 25.094 25. 75
TEMP 25.75 25.30 25.60 25.21 25.33 25.29
TEMP 25. 50 25. 21
MEAN -0983 .- 0.75 -1.67 -2 25 -2.75 -3.67
MEAN -4. 67 -5. 50 -6. 09 -7 00 -7. 92 -9. 00
SD 0.26 0.92 0.61 0.82 0.69 0.75
SD 0.75 0.55 0.66 0.55 0.49 0.

Test 0 3

POS 0. 50. 1oo 1SO 200, 250.
POS 300. 350. 400. 450. 500. 550.
TEMP 26. 63 31.20 29.49 31.42 26.86 26.37
TEMP 27. It 26. 40 26. 79 26. 45 26.72 26. 35
TEMP 26 37 25.94 26-55 25.69 25,96 25.91 J"..,v.
TEMP 26.01 25.64 J
MEAN -1 50 -1. 92 -2. 50 -2. e3 -3. 58 -4. 17
MEAN -5 17 -5.67 -6.42 -7.42 -8.00 -9 50
SD 0 0.49 0.55 0.41 0.66 0. 61
SD 0.41 0,41 0.49 0.49 0.45 0.

TestS0 4

POS 0 50 100 150. 200 250.
POS 300. 350. 400. 450 500. 550.
TEMP 27 23 33 02 29,28 33 06 27.42 26,79
TEMP 27 82 26 84 27. 40 26. 99 27. 31 26. 74
TEMP 26.77 26 28 27. 13 25 96 26 33 26 11
TEMP 26 25 25 91
MEAN -0 50 -0 75 -1 50 -2 50 -2 58 -3,33
MEAN -4 50 -5.00 -5 50 -6 58 -7. 50 -7 50 .

SD 0 0982 0.55 0. 55 0 49 0 75
SD 0 55 0 55 0 55 0 66 0. 55 0 .,:, .

Test * 5 C~

POS 0 50 100 150 200 250 0
PUS 300 350 400. 450 500 550
TEMP 27 03 33 91 30 14 33 45 27 70 27 06"

. ... . .. ... .. . .. .. . . . . . .. ... . . .. . . ..-.. ,.- ,

• "s _ . . ..". •. . . ... - . - . **.. " . . S . - . . " . . . .
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TEMP 28 43 27 16 27. 99 27 33 27 70 i!6 99
TEMP "7 04 26 50 27. 60 26 16 26 65 26. 35
TEMP 26 48 26 11
MEAN -0 17 -0 50 -0 83 -1.75 -2 25 -2.75
MEAN -3 93 -4. 58 -5. 17 -5.92 -6 58 -7.00
SD 0 41 0.55 0.93 0.92 0 69 0.82
SD 0.75 0 66 0.52 0.49 0 49 0. 4.,
Test 0 6

POS 0. 50. 100. 150 200. 250.
POS 300. 350. 400. 450. 500. 550.
TEMP 25. 70 33. 79 30. 01 34. 78 27. 29 27. 04
TEMP 28. 63 27.23 28. 77 28. 23 28 65 27. 33
TEMP 27. 31 26. 0 27. 14 25. 64 26.03 26. 21
TEMP 26.33 26.04
MEAN 1.00 1. 17 1.00 0.09 0. 0.
MEAN -0. 25 -0. 3 -1. 33 -2. 50 -3. 0 -3. 50
SD 0. 0.98 9 . 10 0.20 0 0.
SD 0.42 0.99 0.75 0.55 0. 55 0.

Test 0 7

POS 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500. 550.
TEMP 24. 98 29. 36 27. 48 30. 46 27. 56 26. 21 6
TEMP 27. 29 26. 45 27. 24 27. 87 28. 24 27. 09
TEMP 27.26 25. 62 26. 67 25 23 25. 84 25. -2
TEMP 26.53 25 62
MEAN 2.00 1.50 0.92 0.67 0 0.
MEAN -0. 50 -1.00 -1. 33 -2.33 -3.33 -3.67
SD 0. 0 55 0. 74 O. 92 0. 0.
SD 0.55 1. 10 0.82 0.02 0 82 0.52

Test 6 B

POS 0. 50. 100. 150. 200. 250.
P0S 300. 350. 400. 450. 500. 550.
TEMP 25.63 33. 10 29. 44 34. 21 29 15 27. 17
TEMP 28. 66 27. 59 29. 66 29. 32 29 73 27. 49
TEMP 27.56 26.19 27.51 25.75 26.39 26.24
TEMP 26.51 25. 97
MEAN 2 00 1.67 1.09 0.75 0,25 0.
MEAN -0 17 -0.75 -0.67 -2.50 -3 50 -3. 50
SD 0 0.82 1.02 0.99 0 27 0.
SD 0.41 0.98 1.03 0.55 0.55 0.
Test 0 9

Pos 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500. 550. ' 

-

TEMP 25. 65 33. 71 30. 95 34. 94 29. 12 27. 44
TEMP 2866 27.86 28.91 28.37 29.66 27.54
TEMP 27.44 26 15 27.07 25.53 25.75 26.22
TEMP 26 32 25.8
MEAN 1.00 0.92 0. 50 0. 0. 0.
MEAN -1.00 -1.33 -2.09 -3.33 -3.92 -4.30
SD 0 1.02 0. 55 0. 0. 0.
SD 1. 10 0.75 1.02 0.75 0 74 0.46

0
I -

.........................-.....
ta ..*'% %.* o



307 lV

Test 0I 1
0. 0. 0. 0. 0. 0. 0. 0. "" -" -

0. O. 0. 0. 0. -0. 50 0. 08 -0.08,.-- ,, -
0. -1. 50 0. -1. 50 0. -1.0O0 0. 67 -0. 67 '"'

0. -1. 50 0. -2.50o -0.50o -2.0 oo 0.92 -0.92,
-1.00 -2. 50 -,.0oo -2.50 -1. 50 -3.00 0.75 -o0.,5
-2.00 -3 00 -2.00 -3.00 -2.00 -3.00 o.50o -0. 50 ; - .
-3 50 -4.0oo -3.0oo -4.50 -3.50 -4.50 0. 50 -0. 50 """"
-4 00 -5.00 -4.00 -5.0o0 -4.00 -5.00 o.50o -0.50 ......-..
-4. 50 -6.0O0 -4. 50 -6.0 O -4. 50 -6 00 0. 75 -0. 75 '"-" .,,...',

-6,00 -7 00 -6 00 -7.0O0 -6 00 -7.0O0 0. 50 -0. 50 ,.%.....",,

-6 50 -7, 50 -6 50 -7.50 -&50s -7,.5 0o .50 -0.5o0-,- -
-7. 50 -7 50 -7. 50 -7. 50 -7. ,50 -7. 50 0. 0.

-o.50 .o -1.0 oo 0 -1.00o -1.00o -0.0 0. 0..--"""
0 -1. 50 0 -1, 50 0. -1 50 0. 75 -0. 75

-1.0O0 -2. 50 -1.00 -2.0O0 -1. 50 -2.0O0 0. 50 -0. 50 """
'' ' "

-1. 50 -3. O0 -1 50 -3 00 -1. 50 -3.0O0 0. 75 -0. 75'"'""'"

is - % - p

-2.0 -3.50o -ZOO -3.50 -2.50 -3.0 0 .50 -0. 58 .'..-.-.
-3 00 -4.50 -3 00 -4,50 -3.0O0 -4.0O0 0. 67 -0. 67-..-'
-4.00 -5. 0 -4 oo -5 50 -4.0o0 -5.0 oo 0.67 -0.6 7

-5.0O0 -6.050 -5, 00 -6.0O0 -5.0O0 -6. 00 0. 50 -0. 50
5.50 -6 50 -5 50 -6.50 -5,50 -7.0 .58 -0.58 -

-6 50 -7. 50 -6 50 -7. 50 -6 50 -7. 50 0. 5 Z -0. 50.,''...-.,
-7. 50 -8 50 -7 50 -8 50 -7. 50 -8.00 0. 42 -. " ''''''''''-8 00 -8.D0on 0 -e oo -8 00 -8 00 0.-'

Test 0 10., 0. 0.0-.0.0 .~-..-..-.... _

-1 50 -1 50 -1 50 -1. 50 -1. so -1. 50 0. 0 -0.08
-1.50 -2.50 0 -1. 50 0. O-.00 0.42 -0 42

-2.0 -3.50 -2 0. -3 .0 -0 .0 -3.00 0. 50 -0.50
-2.050 -3 00 -20 -1 .0 -220 - -3 50 0.33 -0. 33.

-3 00 -4 00 -3 00 -4 00 -3 00 -4 50 0. 58 -0 58
-3 50 -5 00 -3 50 -4 50 -4 50 -4 50 0 50 -0. 50
-4. 50 -5 50 -500 -5 50 -500 -5.50 0 33 -0 33

-5 00 -6 00 -5 50 -6 00 -5 50 -6 00 0.33 -0 33
-60 0 -7.00 -6 00 -6 50 -6 00 -7 00 0 42 -0 424-. .

-7.0O0 -8 00 -7 00 -7 50 -7 00 -8 00 O. 42 -0 42 •-
-7. 50 -8 50 -7 50 -8 50 -6 .0 -8 0 0 33 -0 33
-8. 50 -7 50 - 50 -8 50 -8 50 -7 50 0. 0
Test 4
-0 50 -1 .0 - 50 -0 50 -0 50 -0 50 0 0.

0 -1 50 0 -1 50 0 -1 50 0.75 -0.75

-1 00 -2 .0 -1.00 -2.00 -1.00 -2o.00 0.50 -0.50
-2 0 -3 00 -2 00 -3 00 -1. O0 -3 00 0.50 -0. 50
-2 50 -3 0 -20 0 -3 0 -2 .0 -3 00 0.54 -0.4
-0 50 -4 .0 -3 00 -4 50 -300 -4 00 0.67 -0.67

-4.00 -5.50 -4 00 -5500 -4.00 -5.00 0.670 -0.670

-4 50 - 0 -4 0 -6 0 -4 0 -6 50 0 50 -0. 50
-5 50 -8 50 -5 50 -6 .0 -5 .0 -6 00 0. 5 -0.59

-6 50 -7 .0 -6 0 -7 50 -6 50 -7 .0 0 58 -0 58

-7 00 -8 00 -7 00 -8 00 -7 00 -8 00 0 50 -0 50

-300 -400 -300 -400 -300 -450 0.58 -05

-350 -50 -350 450--40--450'00.-0.5

-4.0 -55 500 - 0 50 5.5 3.03



-. 7,

308 .. :f'"

-7 50 -7. 50 -7 50 -7 50 -7 50 -7 50 0 0
Test 0 5

00 0 0 0 0 0 -017 0 17
0 -1.00 0 -1.00 0 -1 00 0 50 -0 50
0 -1 50 0 -1 50 0 -2.00 0 83 -0 83

-1.00 -2 50 -1.00 -2.50 -1 00 -2. 50 0 75 -0 75

-1 50 -3 00 -2 00 -3.00 -1 50 -2. 50 0 59 -0 58

-2 00 -3.50 -2 00 -3 50 -2.00 -3. 50 0.75 -0 75
-3.00 -4 50 -3 50 -4. 50 -3.00 -4. 50 0.67 -0 67
-4.00 -5. 50 -4.00 -5 00 -4.00 -5.00 0.58 -0 5B

-5.00 -5. 50 -50 0 -5.00 -4.50 -6.00 0.33 -0 33
-5. 50 -6.00 -5, 50 -6. 50 -5. 50 -6. 50 0.42 -0 42
-6.00 -7.00 -6 50 -7.00 -6.00 -7.00 0.42 -0 42
-7.00 -7.00 -7.00 -7.00 -7.00 -7.00 0. 0
Test * 6

1.00 1.00 1.00 1.00 1.00 1.00 0. 0.
2.00 0. 2 00 1.00 2,00 0. 0.83 -0 83 - "..

2.00 0. 2.00 0. 2.00 0. 1.00 -1.00
0 0. 0. 50 0 0. 0. 0. 09 -0 08
0 0. 0 0 0 0 0. 0
0. 0. 0. 0. 0 0 0. 0

0 0 -0 50 0. -1 00 0.25 -025 ,

0. -2.00 0. -1 00 0. -2.00 0.83 -0.83
-0.50 -2.00 -1.0 0 -2.00 -0.50 -2.00 0.67 -0 67

-2.00 -3.00 -2.00 -3.00 -2.00 -3.00 0.50 -0. 50
-3.00 -4.00 -3.00 -4.00 -3.00 -4.00 0.50 -0.50
-3.50 -3.50 -3.50 -3.50 -3.50 -3. 50 0. 0
Test # 7 .

2.00 2.00 2.00 2.00 2.00 2.00 0. 0
200 1.00 2.00 1.00 2.00 1.00 0.50 -0.50
1.50 0. 1. 50 0. 1.50 1.00 0.58 -0. 58
1,00 0. 2.00 0 1.00 0. 0.67 -0 67
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0 - .,.... ,..

0. -1.00 0. -1.00 0 -1.00 0.50 -0 50
0. -2.00 0 -2.00 0. -2 00 1.00 -1 00 -,.-.-'.

-1.00 -2.00 -1. 00 -2.00 0 -2 00 0.67 -0.67
-2.00 -3.00 -2.00 -3.00 -1.00 -3.00 0.67 -0 67
-3.00 -4.00 -3.00 -4. 00 -2.00 -4.00 0 67 -0. 67".. .. .

-4.00 -4.00 -4.00 -4.00 -3.00 -3.00 0 0
Test 8
2.00 2.00 2.00 2.00 2.00 2.00 0. 0
2.00 1.00 3.00 1.00 2.00 1 00 0.67 -0 67
2.00 0.50 2.00 0. 2.00 0. 0.92 -0 92
1.50 0. 1.00 0. 2. 0 0. 0 75 -0 75
0. 50 0. 0. 50 0. 0.50 0. 0,25 -0 25 0
0. 0. 0. 0. 0. 0 0. 0
0 0. 0. 0. 0. -1.00 0. 17 -0 17
0. -1.00 0. -1. 50 0. -2.00 0.75 -0 75
0 -2. 00 0. -2. 00 0. 0. 0. 67 -0 67

-2 00 -3.00 -2.00 -3.00 -2 00 -3 00 0.50 -0 50
-3 00 -4.00 -3.00 -4.00 -3.00 -4 00 O. 50 -0. 50
-3 50 -3 50 -3. 50 -3. 50 -3.50 -3. 50 0. 0
Test 0 9

1.00 1.00 1.00 1.00 1.00 1.00 0. 0.
2.00 0 2.00 0 1. 50 0. 0 92 -0 92
1 00 0. 1 00 0. 1.00 0 0.50 -0 50
0 0. 0. 0 0. 0. 0. 0
0. 0. 0 0 0. 0. 0 0
0 0 0 0 0. 0 0

-S

'' .. '_=' 7-- " -', = _.,; ,= '_ ;_. _ _ ' .? ,_ '_,J ._ "___ "_.._,. .=' :'.= '_.% ._ ,_.7 = _ = ""._ .*"_ ..". "- . _ & d:.", -_ :a
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0. -2.00 0. -2.00 0. -2.00 1.00 -1.00
-0. 50 -2. 00 -1. 00 -2. 00 -0. 50 -2.00 0. 67 -0. 67
-1.00 -3.00 -1.00 -3.00 -1.50 -3.00 0.92 -0.92
-2. 50 -4.00 -3.00 -4.00 -2.50 -4.00 0.67 -0.67
-3.50 -5.00 -3.50 -4.50 -3.00 -4.00 0.59 -0.530 .~
-4.90 -4.90 -4.00 -4.00 -4.00 -4.00 0. 0.

Regression Equation

-0.02*Z + 1.29*T1O -34.390

A77
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Z AXIS" zi a 30.0 es (i.d'p)
RESULTS OF YAW ERROR (arc-seec)

Y azis at 300.00 ams Cindep)
2 axis t 40.00 ms
Dir of laser R

Test I 1

P0S 0. 50. 100. 150. 200. 250.
P0s 300. 350 400. 450. 500. 550.
POS 600.
TEMP 29. 50 29. 6 29. 30 30. 73 29. 49 29. 74
TEMP 29.09 28.74 29.10 29.61 23.79 29.76
TEMP 28.74 28.74 29.96 29.49 28.64 29.57
TEMP 2859 28.35
MEAN -0.07 -0.09 0.01 0.09 0.35 0.51
MEAN 0.93 1.54 2.07 2.02 2.43 3.73
MEAN 4. 19
SD 0.31 O.54 0.60 0.62 0.71 0.74 0.93
SD 0.94 0.90 0.91 0.93 0.90 0.09
Test 2 2

P0s 0. 50. 100. 150. 200. 250. ~~
P-s 300. 350. 400. 450. 500. 550.
P0s 600.

. TEMP 29.38 30.13 29 49 31.95 29.40 28.94
TEMP 29.40 29.01 29.47 29.08 29.25 29.16
TEMP 29.11 29.74 29.94 29.50 29.62 29.72
TEMP 2B. 77 2. 55
MEAN 1.22 0.60 0.96 1.09 1.33 1.39
MEAN 1.99 2.28 2 71 3 14 3.38 4.34
MEAN 4.95
SD 0.69 0.47 0.51 0.72 0.93 0.92 0983
SD 0.65 0.61 0.84 0.94 0.81 0.56
Test 0 3

P0s 0- 50. 100. 150. 200 250
P0s 300. 350. 400. 450. 500. 550.
P0s 600.
TEMP 28. 15 29 33 28 77 32 95 28.23 29 26
TEMP 29.94 29 49 29.23 29.21 29.47 29. 11
TEMP 29.01 27.94 28 08 27.62 27.64 2.21
TEMP 29. 13 28. 11
MEAN -0. 94 -0. 56 -0.49 -0.22 -0.41 0.
MEAN 0.31 1.00 1. 19 1.23 1. 52 2.62
MEAN 3. 12
SD 0.82 0.94 0.91 0.92 1. 16 1.12 0 91
SD 1.07 0.97 1. 07 1.20 1 00 0.53
Test 0 4

P0s 0. 50. 100. 150. 200. 250.
Pas 300. 350. 400. 450. 500. 550 . "
P0s 600
TEMP 2. 850 31. 32 30. 06 34 03 29 28 8. 91
TEMP 29,69 29. 21 29 86 29 64 29 96 29. 55
TEMP 29. 52 28 45 2e 86 2 I 21 -8 33 28. 55
TEMP 28. 77 28 38
MEAN -1 29 -1 27 -0 89 -0 70 -0 47 -0 20
MEAN 0 06 0 62 0 94 0 83 1 21 17

r- •V
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MEAN 2 36
SD 0 14 0 54 0 6z 0 62 0 58 0 7;! 0 67
SD 0 74 0 82 0 72 0 97 0.97 0 16
Test 0

P0s 0. 50. 100 150 200 250
P0S 300. 350. 400. 450. 500 550
POS 600.
TEMP 27.93 31.58 30.34 35.32 21 96 28 63
TEMP 29.79 29.15 30-05 29.88 30.34 29 59
TEMP 29.66 29.22 29.74 27.91 29.06 29.42
TEMP 28. 69 28. 32
MEAN -1.98 -1.92 -1.69 -1.64 -1.46 -1.27
MEAN -1.06 -0-28 0 20 0.28 0.59 1.4
MEAN 1.75
SD 0.09 0.63 0.73 0.71 0.67 0 a1 0 75
SD 0.76 0.75 0.94 0,.99 1.04 0.30
Test 4 6

P0s 0. 50. 100. 150. 200. 250
P0S 300. 350. 400. 450. 500. 550
P0s 600.
TEMP 2& 60 32. 74 29. 79 35. 19 28. 5 2614
TEMP 29.41 26. 14 29.31 30.26 30.94 2950 %
TEMP 29. 92 27.33 26 14 26.99 27. 21 27 77
TEMP 2S. 40 27. 65
MEAN 0.39 0.60 0.79 0.95 1.06 1.40
MEAN 1.57 2.13 2.32 2.31 2. 57 3.34
MEAN 3. 64
SD 0.22 0. 54 0.36 0.43 0.68 0.70 0 56
SD o. 91 0.63 0. 69 0.74 0.76 0. 19 *..

Test 0 7 .

P0s 0 50. 100. 150. 200. 250 . .,
P0S 300 350. 400. 450. 500 550
POS 600 .%-.",

TEMP 26.58 30. 69 29.37 34.24 29.01 27 89
TEMP 29. 19 20. 45 29.74 29. 76 30. 39 29. 18
TEMP 29. 52 26.96 27. 74 26.64 26.68 27 42
TEMP 28 20 27. 37 "" ..
MEAN 1 27 1.45 1. 59 1.67 2.19 2.41 F"
MEAN 2.39 3.02 3 10 3.09 3.21 4.27 .

MEAN 4. 62
SD 0. 26 0. 54 0. 42 0. 77 0.0 0. 59 0. 59
SD 0.30 0.5 8 0,60 0.65 0.57 0. 13
Test 0 8

POS 0 50. 100. 150. 200. 250,
POS 300. 350. 400. 450. 500. 550.
P0S 600-
TEMP 25. 70 31. 14 29. 41 35. 22 27.85 27.73
TEM4P 29 02 29 36 29. 68 29. 73 30. 36 2. 92
TEMP 29.24 26.65 27.41 26. 31 26. 50 27. 14 - -

TEMP 27. 90 27 02
MEAN 1.20 1.47 1,90 1.91 2. 10 2. 15
MEAN 2.39 2.6 9 3 04 3.23 3.34 4.96
MEAN 5.09
SD 0.43 0.67 0.56 0.52 0.61 1.00 1. 12
SD 0.82 0.83 0 95 1.09 0.94 0.37

% %

a. * -,-- ;-,., ,.-**.,".
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ACTUA DATA

SPREAD

Ts" Up Down

0 12 -0.43 -0.43 0 24 0.24 -0.12 0.04 -0.04
-0.94 0.31 -0.43 0. 16 -0. 16 0.51 -0.42 0.42
-0.87 0.24 -0.47 0.63 -0.08 0.63 -0.49 0.49 i',
-0-04 0.51 -0.63 0.63 -0.63 0.71 -0.52 0.52
-0.39 0.91 -0.24 0.94 -0.24 1. 14 -0.64 0.64

0 12 1.42 -0.24 0.99 -0.31 1.06 -0.65 0.56
0 1.54 0. 1.73 0.24 1.50 -0.75 0.75 " ""*...,.
0. 55 2.20 1.02 2.40 0.79 2.24 -0.75 0.75
1.30 2. 17 1.50 3.07 1.42 2.99 -0.67 0.67
1.06 2.72 1.22 2.93 1.30 2.99 -0.83 0. 83
1.73 2.91 1.42 3.31 1.69 3.54 -0.82 0.
3.03 4.29 2.99 4.72 2.76 4.61 -0.91 0.1
4. 17 4. 17 4.09 4.09 4.29 4,29 000 0.00

2.94 0.91 0.91 0.99 0.98 2.60 -0 20 0.28

0.04 0.94 0.20 1.22 0.35 0.93 -0.40 0.40 ,
0.35 1.30 0.31 1.22 0.55 1.42 -0.45 0.45
0.31 1 54 0.16 1.1 0.99 1.73 -0.60 0.60

-.0.35 2.05 0.39 1.97 1.06 2.13 -0.72 0.72
0 67 2.01 0.31 2.17 1.02 2. 17 -0.72 0.72
0.93 224 0.94 2.64 1.85 2.76 -0.67 ^ , "
1.69 295 1.50 2.91 1.93 2.72 -0,58 0.58 0
2,09 3.35 2.05 3. 15 2.36 3.27 -0.54 0.54
2. 13 3.90 2.36 3.78 2.68 3.98 -0.75 0.75
2 01 3.98 2.36 4.21 3.96 3.86 -0.64 0.64
3.39 5.00 3.35 5. 16 4.86 4.29 -0.47 0.47
4.61 4 61 4.57 4.57 5.67 5.67 -0.00 -0.00

Test 6 3
-2.01 -1.26 -1.26 -0.79 -0.79 0.47 -0.41 0.41 ',,
-1.54 -0.29 -1.54 0.24 -0.94 0.71 -0.73 0.78-1. 30 -1. 14 -1. 06 0. 47 -0. 75 0 83 -0. 54 0. 54
-0.94 -0.63 -1.22 0983 -0.35 0.99 -0.62 0.62
-1. 57 -1. 19 -1.22 0.94 -0. 55 1. 10 -0.70 0 70
-1.26 -0.51 -0.71 1.26 -0.29 1.50 -0.75 0.75
-0.63 0. -0.20 1.14 -0. 16 1.73 -0.64 0 64
0.08 0.87 0. 1.97 0 47 2.64 -082 0982 -
0 24 0. 71 0.43 2. 17 1.02 2 .0 -0. 63 0 63 -.- ', "
0.28 0.67 0.35 2. 13 1.02 2.91 -0.69 0.68
0.35 1.22 0.39 2.72 1. 19 3.23 -0.87 0 97
1.61 2.83 1.54 3 46 2.24 4.02 -0 92 0 82
2 64 2.64 2.95 2.95 3.78 3 78 0. 0"
Test 0 4
-1.26 -1.42 -1.42 -1.30 -1.30 -1.02 -0 04 0.04
-1 85 -1 02 -1.91 -0.75 -1. 57 -0.63 -0.47 0.47
-1 69 -0.67 -1.38 -0 20 -1.1 i -0.24 -0.52 0 52
-1 10 -0 31 -1.54 -0 04 -1.06 -0. 12 -0. 54 0.54
-0. 83 0 -0 98 0. 04 -1 14 0. 12 -0 52 0. 52
-0 91 0.63 -0.55 020 0 -1.02 0.47 -063 0 63
-067 071 -0.39 0 79 -0.55 0 47 -0 60 0 60
-0 20 1 34 0 24 1. 18 -0 16 1 30 -0 66 0. 66

0 24 1 50 0 28 1 97 0 12 1 54 -0.73 0 73
0 24 1 54 0 16 1 42 0 12 1 50 -0 66 0 66
0 24 2 32 0.47 2 09 0 31 1 95 -0 87 0 87 d.

S

. ... ., . - .o

i>." .. '..-.>-.-. '.-. . .. • .... ....... .......... .... .... . ;..-.-.-.
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14 134 3 15 1 54 3 03 1 0% Z295 -0987 0 07
2 56 2 56 2 20 2 20 2 32 2 32 0 0i Test 0 5

-1 93 -1 al -1 91 -1 97 -1 97 -1 77 -0 03 0 03
-2 72 -1 42 -2 52 -1 95 -1 93 -1 06 -0 47 0 47

.,-2 60 -1 34 -2 13 -0 63 - 17 -1 30 -0 60 0 60

-2 60 -0. 91 -201 -1,42 -2 09 -0 93 -0 59 0 59
-2 40 -0 71 -1 -0 9 -2 01 -1 06 -0 56 0 5
-2 05 -0 97 -1.85 -0 55 -2 05 -0 24 -0 72 0. 72 , .

-1.93 -0.47 -1.65 -0 75 -1 50 -0 04 -0 64 0 64
-1.38 0.28 -0. 75 0.43 -0 67 0 43 -0"66 0 66
-0 47 0.51 -0. 51 1 42 -0. 24 0 .,1 -0861 0 61 .".-
-0.47 1.06 -0. 79 1. 10 -0 4:) 1 22 -0. 95 09 1
-0 24 1. 10 -0. 43 1. 61 -0 20 1 69 -0 Be 0 B
0 35 2.09 0.97 2.90 0 63 2 49 -0 92 0 92
2 13 2. 13 1.534 1. 54 1 57 1 57 0 0

Test 0 6
-0. 04 0. 51 0. 51 0 51 0 51 0. 31 -0 06 0 06 --.
-0.04 1.46 0. 16 0 87 0 43 0 71 -0.41 0 41 .:-.,-'

S0 24 1.19 0 79 118 0 71 0 67 -0.22 0 22 ,- -
0 39 1 14 0 35 1 30 0 67 1 26 -0 38 0 38 ,'--,"d 

"

0.20 108 0 31 1. 57 1,34 1 89 -0 45 0,45
0.47 1. 30 1 . 30 1. 93 0,99 2 44 -0. 49 0 49
1.22 1.65 1.30 1.9 5 0.91 2.46 -0.43 0.43
1.38 2. 17 1. 42 3 58 1.99 2 36 -0. 57 0. 57
1.57 2 64 1 22 2.76 2 20 3.50 -0-65 0.65

.69 2.72 1. 2 91 1. 54 3 11 -0 60 0.60
2.05 3. 15 1.95 3 27 1 81 3.31 -0.67 0.67t 2.99 3.82 2.40 4. 17 2.64 4.0o2 -0. 0. o66
3.82 3.82 3,66 3.66 3.43 3.43 -0.00 -0.00

Test 0 7
1. 10 1.10 1 10 1L 61 1.61 1 10 -0.00 -0 .0
1.06 1.42 1. 65 2,28 0.71 1.57 -0.31 0 31
1.18 1 73 1 i 2.20 1.39 1.69 -0.35 0.35
0.79 2864 0 99 1 77 1.39 2 49 -0.62 0 62
1.50 315 1.42 303 154 2.49 -0.70 0.70
161 3 03 2.40 2 97 1. 8I 2,76 -0.47 0.47
1 69 2. 99 Z 05 2 76 1. E5 2.99 -0.2 0.52
2 93 3 15 2 72 3 03 2.83 3.54 -0.22 0.22

S2 68 3 90 2.64 3.23 2,52 3,66 -0,49 0.49
224 3 74 276 3 62 22 346 -052 0 52

2 09 4 29 2.68 3. 66 2.69 3,96 -0.73 0.73
4. 06 4 92 3. 58 4 69 3.70 4.69 -0 49 0 49
4.72 4 72 4 69 4.69 4.45 4.45 -0.00 -0.00

Test 0 8
S 1.65 0 67 0.67 1 46 1.46 1,30 0.06 -0.06

0.59 1 85 1 06 2.44 1. 14 1.93 -0 54 0.54
1,22 2 32 1. 30 2.28 1 73 2,52 -0 48 0.48
1.30 2.44 1 73 260 1. 0 1,69 -0 40 0 40
1 69 260 1.69 2.60 1 30 2.72 -0 54 04 '
1 is 2 72 1. 34 3 27 1 22 3. 15 -0 90 0 90 '
1 10 2 91 1.89 3.94 1 30 3 11 -0 94 0.94
1 97 3 62 1.93 3. 19 1.93 3.46 -0 74 0 74 ..... ,
2 36 3 23 2 32 3.82 2.32 4. 17 -0.70 0. 70 . .
2 32 4 06 2. 17 4. 17 2.64 4.06 -0 b O. 6
2.60 4 49 2 01 4.33 2.49 4.13 -099IS 0.96 •
4. 65 5 87 3 74 5 63 4 37 5.51 -0. 71 0 71
5.55 5.55 4 78 4 78 4.96 4.96 0 0

Regression Equat ion -'--'.

0. 9 9e-5*Z*Z - 4.58*T20 + 1.05*TI 4 1.86*T19
446.24

• .% %

;.,,, .- ,',.'..-.,, - .- .'.-..-..'..' .- , . € .. . .. o ... , '. .. ..- , -, .. . .. .-.. ..... ........ -........ . . . .,. ..- ,,-.. . . . . .,...... . . ..
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Appendix 4

Programs Used in the Analysis of Machine Tools

c THIS P OGRA WiiL SOLVE FUk rNE UNSTEADY STATE
cHEAT CONDUCTION PROBLEM IN THE ZAXIS Of THE TIO.

c FINITE DIFF. METHODS ARE USED. '

c INPUT RQUZIRED IS THE MOAL POINTS, HEAT SOURCES AND
c LOCATION OF HEAT SOURCES.t
c THE PROGRAM IS WRITTEN FOR CYSER 205
c AND THE OUTPUT IS DIVERTED TO MACTAPES ON
c CDC PURDUEUMACESSYSTEM.
c THE STUCTURE IS THICK WALLED
xxxxxxxx,cy,ll. 0. A.,
reaourc*(jcat-*2.lp-2,rl-3O0)
fort ran.
request,capet/1000.rc-w.
requeet~abcd/100O. rt-w.
load.

!inkl(abcd,earla3.dd-c6,jcaa*
"acceetalter,abcd.el-1289,vpk-ceb",
.@klpaI.abcd"."wrlte,abcd")
fear

program aasin(input,output,tape5-lnput,tape6-output~tap7-cap7
I tae-ebod)

common nodel(IO0O),enode(1000).wnoda(1OOO),nnode(1000),
I mnode(l000),tnode(IOO0).bnode(1O00).tamp(1000),dxa(1OOO)

common dxw( IOO0).dxn( l000),dxs( 1000),dxt( 1000),dxb(1000)
I *tenpl( lOOO),noden( 12.10O,10),xval(1 2,10O.10),yval(12, 10,10)M
I *zval(12, 10,10) ,indxIndy,indz

common cond, rho capa, tfin. tine. rtcap ,rtempi ,num,numi,hval
common q va l(i0O).nqnoge(100) .nheet.ldir(100)
dimenaion rqval(1O0) ,tqval(1O0)
Integer nodel,anode.wnode,nnode.enode,tnode,bnode,noden~nuu
Integer oid,nqnode,nheat,indx,indy ,indz,nueI
real dxe~dxw~dxn,dxs.dxt~dxb,temp,templ~xval.yval,aval.cond
real tfin, tinc,rtemp .rteepi .qval,rhocapa,hvaI
mndx - 12
Indy . 8

lndz .

c indx,indy,indz I OF POINTS ON X.Y AND Z DIRECTIONS
old - indxhmndy*mndz
do 10 k - 1,10
do 10 j - 1,10 .

do 10 1 - 1,12
if(i.gt.indx) go to 10
lt(j.gt.indy) go to 10 *

tf(k.gt.indz) go to 10
20raad(5,20) xval(i,J,k),yval(i,J~k),zval(i,j~k),noden(i.J,k)
20 foreat(3fS.1,iI.)

10 continue
cond - 8.91 , *

Srho - 7.A5

.~~~~~~. .4." . . . . . . .

17
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capas 0.11 4
t7ov : 0;.0

tinc - 15.0

rtesp- 00.0
hval - 0.011 ~~
rtempi - rtesp ~,~
nheat - 9

c nheat is Iof heat source points
do 50 ± I 1aheat
read(5,60) qval(i),nqnode(i),tqval(i)

c qval Is value of beat source '
c fqnode is node associated with heat source *

c tqval In the value of change In heat source
c to use steady heat source set tqval to zero
60 format(f7.0.*2i5,f7.0) .. -.

50 continue :
do 199 1 - 1,nheat
rqval(i) - -qval(i)

199 continue
oumt - 0
do 70 k - 1,10
do 70 j - 1,10
do 70 i - 1,12
if(I.gt.indz) go to 70 .. ,.

if(j.gt.indy) go to 70
it(k.gt.indz) go to 70Icall ndegen(iJ,k)

c sets nodal connectgivitiea
70 continue P.6

do SO i - 1,oldk
temp(i) - rtemp .

templ(i) - rteep L
80 continue

num -0
do. 30 i - 1,old
If(nodel(i).eq.0) then

num-iI
go to 102
endif

130 continue
102 ipr - 0

ntemp - int(tfin/tinc)
pdo 90 i - 1,otemp

write(1,113) I

call nxtmp
do 100 j - 1,old
temap ( j) - templ(j)

100 continue
b. rtempi - rtemp

if(numi.gt.0) call inner
c inner calculate tecavity temperature
c bas d on thevi teaperatures
c It Is the average of wail temperatures.

% .~u

a,-..
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ipr -ipr +1
if(ipr.eq.1 )then
call wrnd~t now)
call wrele

Lf- 0
endit f
do 197 j - 1,nheat .. V j
qval(j) *qval(j)+rqval(j)
rqval(j) - -rqval(j)
write(6,196) qval(j ),rqval(j ),j

197 continue0
if(i.eq.5) thendo 192 j -1,nhet
qval(j) -qval(j)+tqval(j)

rqval~j )-qval(j) N
vrice(6, 296) qval(j ),rqval(j ),j 1

191 continue
eadif

90 continue
stop
end

c

C d. W

subroutine ndegen(i,j,k)

common nodel(1000),enode(1000),vnode(1000).nnode(1000).
I snode(1000),tnode(1000).bnode(1000),teup(1000),dxe(1000)

common dxv( 1000) ,dxn(1000) ,dxa( 1000),dxt( 1000),dxb(I000) PS.. %

1 *tompl(IO00),noden(12.10,10).xval(12.10O,10),yval(12,10.10)
I xaval(12, 10,10),Indx.indy,indt

common cond,rho,capa,tfin~tinc,rtemp.rteupi~nuu.Uuui.hval
common qval(100) ,nqnode(100) ,nheat~idir(I00)
Integer nod.1,.nod.,wnode~nnode.node,tod,buodeflOden,luU J*..m'*

Integer old,nqnoda,nhaat .indx, indy ,indz .numl *. -

real dxe,dxv,dxn,dza~dxt~dxb,temp~teupl,zval,yval.zval,cond *

real tfin~tinc,rtemp,rtempi,qval,rho~capa,hval
integer oc ,oe~ov~on,oa ,ot ,ob \ -.-

c generates nodal connectivities
oc - 0
oe -0 '1

on - 0

oa - 0
ob - 0

O c - noden(i,j,k)
if(oc.*q.0) return

oe- -1
dxe(oc) -dxe(oc-1)

aelse

4..

****** ~ % %

* *~--.*.*.****. . . .. . -*~-: .- :-- ~ * *V%



319

if(naden(I+1,J.k).eq.0) oe - -2
lf(noden(1+I,J.k).ne.0) ce - noden(1+IJ,k)
dxe(oc) - xval(I+],J.k)-xval(I .J k)
endIf ' A
If(i.eq.1) then

I f -Sjl dxw(oc) - dxw(oc-1)

If(ac.eq.I) dxw(ac) - 8.0

if(uadan(i-1,J,k).eq.O) ow - -2
if(naden(1-1,J,k).ne.0) ow - noden(1-1,J~k)
dxw(oc) - xval(i,j~k) - xval(1-1.j,k)

lf(j.eq.indy) then
on --

dxn(oc) - dxn(oc-I)

lf(noden(IJ+I,k).aq.0) on - -
If(noden(i.J+1.k).ne.0) on - noden(I.J+l,k)
dxn(oc) - yval(i *J+I ,k)-yval(1 .J k)%
endIf
if(j.eq.1) then

It(oc.gc.)) dxf(oc) - dxs(oc-1)
If(ac.eq.1) dxcs(oc) -8.0

tf(nodan(jJ-1,k).eq.0) as - -2
if(voden(iJ-I~k).na.0) as - noden(i.J-I~k)
dxs(oc) - yval(L,J ,k)-yval(i,j-l.k)
andlt
if(It.eq.indz) than

dxt(oc) - dxt(oc-JI
else 'a~'
if~caden(i~j,k+l).eq.0) ot - -2
If(voden(i.j,k+J).na.0) ot - nodan(1,J,k+J)
dxt(oc) - zval(IJ,k+l) - zval(I.J,k)
andif
lf(k.*..) then *1
ob --

if(oc.gt.1) dxb(oc) - dxb(oc-1) ~... ..

If(oc.*q.1) dxb(oc) - 8.0

If(*odmn(I.J,k-1).aq.0) ob - -2
If(noden(I,J,k-j).na.0) ob - noden(l.j,k-1)
dxb(ac) - zval(I ,J k)- zval(i .J k-I )
a ndif
nod*i(ac) - oc
enoda(ac) - o
wnode(oc) - ow
nnoda(oc) - on ~~
Onode(oc) - as
tnode(oc) - at .. ~
bnode(oc) - ob
i f(oa.eq .- 2.or.ow.eq .- 2.or.on..q .- 2.or.os.eq.-2.or.

Iot.eq .- 2.or.ob.eq .- 2) nurmt nuuIl ..

% '~

. .
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return
end

C

C 46;
C

subroutine oxtap
commn nodel(1000),enode(IU00),vnode(1000),nnode(I000).

I ,n,,d:( ,000).tnod.(JO00),bnode(1000).tenp(I000).dxe(1000)
common dxw(1000),dxn(1000),dxs(1000),dxt(1000).dxb(1000)

I *templ(1000),noden(12,10,10).xval(12,1l0,10),yval(12, 10,10)
I ,:v&l(12,1O,1O0).Indx.1ndy,1ndz

common cond, rho~capa,tflIn, tinc,r tamp rtemspi num, numi ,hval r~
common qval(100).nqnode(100) ,nheat,idir(I00)
Integer nodal ,enode~wnode,nnode.enode~tnode,bnode,noden,num .A
integer old,nqnode~nheat,iadx, indy,indz,numI
real dxe,dxw,dxn,dxs,dxt~dxb~temp,teupl .xval~yval,zval,cond
real tfin,tinc.rremp .rtempi,qval,rho,capa,hval
alpha-1.4
do 10 j -1,100
call aolve(1,alpha,j)
If(j.gt.90) then
vrite(6, 100) templ(1),temp1( 100),templ(2O0)
write(6, 100) teapl(300),teupl(400),templ(500)

100 format(3f10.3)
c THE VALUES ARE WRITTEN TO ENSURE CONVERGENCE

endif
10 continueP

return
end

c

cI c
C

subroutine solve(i.alpha,iij)
common nodel(I000),enode(1000),vnode(1000),nnode(I000).

I anode(1000),tnode(1000),bnode(1000),temp( 1000) ,dxe(I000)
common dzv(1000),dxn(1000),dxs(I00),dxt(:000),dxb(1O00) 

7.-

1 ,teupl(1000),noden(12,10,10).xval(12,10.1),yval(12,1U0,10)
1 zval(12, 10, I),Indx,indy,Indz
common cond.rho,capa,tfin,tinc,rtemp~rtespi,num,numi ,hval
common qval(100) ,nqnode(100),nheat~idir(100)
Integer nodel ,enode.vnode,nnode,enode,tnode,bnode~noden,num
Integer old~nqnode~nheat,indx~indy,lndz .furnI
real dxe,dxw~dxn~dxs,dxt,dxb,temip,temp1 ,xval,yval,zval,cond
real tfin~tinc,rtamp~rtempl~qval,rho,cape. hval0
real taap2. ceap3.ceapl.,teapS, tep6, temp7  ~.*~-
reel delxy,delxyz,delyz,delxz,ae,aw~an~aa,at,ab
real aop~ap,q.b ~-
integer i,J,k,l P.

% %

*
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c does the solving part
old -indx'indy'indz

hvali - 0.001949

I do 10 j - 1,nu
delyz - (dxn(J)+dxs(j ))*(dxt(j)Idxb(j))/4.0

deixz - (dxe(j )+dxw(j ) )(dztt(j )Idxb(j ))/4.0Vk
deixy - (dxe(j)4dx(j ))(dxn(j)+dxs(j))/4.0 ::-
deixyz - (dxt(j )+dx(j ) )(dxn(j )+dx(j ))(dxt( j)4dxb(j))/8-.0 .

sop - rho'capa'delxyz/tinc P.?r,
q - 0.0
do 20 k - I,oheat
£f(nqnode(k).eq.nodel(j)) then
q - qval(k)
endit

20 continue
b - q + aop*temp(j)
if(enode(j).lt.0 ) then
if(enode(,A).eq.-I) then ,

temp2 - rteep

ce -~ hval'delyz

If(enode(j).eq.-2) then
ae - hvall a delyz
teup2 - rtempi
endif
endif
If(enode(j ).gt .0) then
temp2 - tenpl(anode(j))

:a cond*delyz/dxe(j)
endi f *

If(wnode(j).lt.0 ) then '
if(wnode(j).eq.-Z) ther
temp3 - rteup
aw - hval'delyz%
endif !%

If(wnode(j).eq.-2) then '
teup3 - rteupi

aw - hval*delyz
endif W

elldif 

.. '

if(wnode(j).gt.0 ) then

temp3 - teupl(wnode(j))
aw - cond*delyz/dxwa(j)
endif
if(nnode(j).lt.0 ) then
If(nnode(j).eq.-I) then
temp4 - rtemp
an - hval * delxz
c ndif
I f(nnode(j).eq.-2) then
temp4 - rtempi

a n -hvali~delxz

e nd'If 
-

endif S
tf(nnnde(j ).gt.0) then
temp4 -temp)(nnode(j)) .~

%x

* 6
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an -con d*delxz/dxn(j)
endif -
if(mnode(i ).It.O )then
if(snode(j).eq.-I) then
teup5 - rtemp
as - hval " deizz
endif te
I f(snode(j).eq.-2) te
as - hvali * dais:
temp5 - rteupi

end If

I f(snode(j ).t.O) then

teapS - templ(anode(j))
as - condedelyz/dxs(j)
endif
if(tnode(j).lt. 0) then
if(tnode(j).eq.-I) then
teup6 - rteup
at - hvai deixy 0

endit
If(tnode(j).eq.-2) then
temp6 - rteupi
at - hvali * delxy
endif

e ndif
,f(cnode(J).gt.O) then
teup6 - templ(tnode(j))
at - cond*delxy/dxt(j)
endif
It(bnode(j).It.0 ) then
If(bnode(j).eq.-l) then
teap7 - rtemp
ab -hval a deasy
endif
if(bnode(j).eq.-2) then
tomp7 - rtempi
ab - hvali * delxy
endif
if(bnode(j).eq.-3) then
temp7 -teapl(tnode(j))
ab - can d*delzy/dxb(j)
endif
endif0
I f(boode(j).gt.0) then 7
temp7 - teipl(bnode(j))
ab - cond*delxy/dxb(j)
endif
ap - ae+aw+an+as+at+ab+aop
1 k - nodeI j)
templ(ik) -aeetemp24aw*temp

3
+an*temp4

I+asataap5 at.rtempb + ab*tenp7+ b
al ' tespl(ik)/ap-tepIk
tetipl(ik) -temp(ik) + alpho*(alte i)

10 continue%
return
end

d, %
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C

C

c

c

c

c
C

C

subroutine inner
common nodel(1000),enode(1000),wnode(1000).nnode(1000),

I snode(1OOO) ,tnode(1000) ,bnode( i000),temp(10OO),dxe(1OO0)
common dxw(100O),dxn(1000),dxs(1OOO),dxt(10O0),dxb(IUOO)

I ,templC1000),noden(12, 10,10),xval(12,10,10),yval(12,10,10)
I ,zvaI(1Z,1IO,10),indx,Indy,Indz

common cond,rho,cape.tfin,tinc,rteap,rtempi .num,nual~hval
common qvalCIOO) ,nqnode(10O),nheat,idir(1O0)

-, integer nodal ,enode,vnode~noodo.mode,tnode,bnode,ooden,nua
Integer old,nqniode,nheat,indx,indy,indz,numi AV%.
real dxe,dxw~dxn,dxe~dxt,dxb,temp~templZVal,yval,aval.cond *,

real tfLn, tinc,rtemp ,rtempi,qval,rbo,capa, hval *a
c CALCULATES CAVITY TEMP. AS AVG. 0F ALL WALL TEMPS. .

rtempi *0.0 &-.
do 10 j -1, num
if(enode(j).eq.-2.or.wnode(j).eq .- 2.or.eaode(j ).eq .- 2.

I or.nnode(j).eq.-2.or.tnode(j).eq.-2.or.bnode(j).eq.-2) then 2
rtempi - rtempi+ templ~i)
endi f

10 continue
rtempi -rtempi/numi

return

C

c THE REMAINJING PORTION SETS THE DATA FOR SAP V

subroutine wrele
common node]( lOO0),enode(1000).vnode(i000).nnode(1000),

I snode(1000),tnode(1000),bnode(1000),temp(1000),dze(1000)
common dxw(i000),dxn(100O),dxs(1000),dxt(1000),dxb(1000)

I ,temup(000).noden(12. L0,10),xval(12, 10,10),yvel(J2.J10)
I ,zvalC 12,10,1l0),indx,indy.indz

common cond,rho,capa,tfin, tinc~rtemp,rtempi,num~numi,hval
common qval(100) ,nqnode(lOO) ,nhest,idir( 100)
Integer nodel ,enode,wnode~nnod.,enode~tnode,bnode,noden,num
integer old,nqnode,nheat .indx, indy,indz ,numI
real dxe.dxw,dxn,dxs,dxt,dxb~temp~templ ,xval,yval,zval~cond ~
real tfin, t nc,rtemp .rtempi,qval~rho,cspa,hval
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1 304
k1

10 format(415)

la - 2100000000
p r - 0.3
rho - 7.85 4
tea - 0.0000117
write(I1,20) 1 .1a~pr,rho. te

20 format(IS5,1 1,flO.2.flO.5,f 10.8) *-

aj *0.

30 write(] 30) i,aj,aj
30foarmat( 15,2f10. 2)

aj -0
ak -0
al -0
writ*( 1 .40) ai *aj,ak~al

40 format(4f10.2)

aj *0.

aic 0.
al 0.* 4
write(1 .40) si,aj~ak.al .

al 0.
write( 1.40) ai,aj~ak~al
al -0.
aj - 0. ...

ak 0.

write(] .40) aiaJ,ak~al

aj - 1.
wrtea1,*40) al,aj,ak~al
lenum - 0 5
do 60 k - 1,.10
do 60 j - 1.10 . '

do 60 1 - 1, 12
lf(i.gt.indx-1) go to 60 ~*
if(j.gt.indy-1) go to 60 4
lf(k.gt.indz-1) go to 60
n I - noden(I,J,k)
n2 - noden(i+lJk) **.-

- noden(ie1,J+I,.k)
n4 noden(iJ+I,k) .

n5 - noden(1,J.k+1)
n6 - noden(i+I,J~k+1)

n noden(i+I,Ji.I,k+l)
n8 - noden(lJ+I~k+1)*

tio - 2

ip -I

aft -rtemp
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if(ri I.eq .0.or.n2.eq .0.or.n3.eq .0.or.n
4 .eq .0.or.nS.eq .0.or.

In6.eq.0.or.n7.eq .0.or.nS.eq .0) go to 60
lenun - lenun +1

70 rite(1 ,70) IenuU,OI ,n2,n3,nAn5.n6,a)n,,If.l.p.Stt
70 forrnat( 1 215,10~x,flO.2)

60 continue
1.6

1 10 format01±5)

te - 0.0000;117
write( , 120) 1,rho,te,te,te

1 20 foruat(I I0,10x,flO.3, L0x3f10.8)
Is 2100000000
pr -0.3

write (1,.130) la,pr V
130 format(i 10, fIO.2) 

%

ak 1 0.%
ai - 0.

Write(1 140) si,aj,ak~al
ci - 0.
'r I ta( I ,140) ei,aj,ak,al
vrlte(1 , 140) ai~aj,ak,al

:j - 981 .
write(, ,140) si,aj,ak,al .

I PI - (indx-3)/3
ipl - ipI + 2
ip2 - ipl + 3
ienum - 0
do 150 k - 1, 10
do 150 j - 1, 10
do 150 1 - 1,2
if(1.eq.I ) I - ipl
if(l.eq.2) I - ip2
if(k.gt.indz-1) go to 150
if(j.ge.2.and.j .le.indy-2) then
f( k.ge.2.and.k.Ie. indz-3) then

nI - noden(IJ~k)
n2 - noden(i,J+1,k) r

n3 - noden(i,J+1,k+1)
n4 - noden(I,J,k+l)
i f(nI .eq.0.or.n2.eq.0.or.n3.eq.0.or.n

4 .eq.0) go to 150
leu - enum + 1

ml -2
ie
et -2.0
di -0.0
sft - rtemp
tgr -(.0.S

77-7-7,.*
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w rt6 0, 6 0 ; : : ; ?n 1 ; :2; n 3 .4i i e t d ie nt d f t ~ t gr :

endifendif

150 continue%

WvrIte(I .201) 
~?

201 f o ret( 2 x) ~-...

sk o

al -0

vrite(1 .80) ai,ej~ak,al
so format(4fl0.0)

wrlte(1 .201)
write( I *201)
return

end
C
c

C
C

C

::ubroutine wrnd(tnow)Pcoson nodel(1000),Cflode(I000),flode(1000),lfode(10
0
0),

I anode(1000),tnode(1000),bnode(1000),temp(1000),dxe(1OOO)
commo, dxv( 1000),dxn(1000),dxs( 1000) ,dxt(1000),dxb(1000)

I .tezpl(l000),noden(12,10,10),xval(12.10,10),yval(12, 10, 10)

common cond~rho,capa,tfin,"Inc,rtep~rtmptlSn~ ha

common qval(100),nqnode(100).nhest,idir(100)
Integer nodelenode.fladCaofdeCflodOtnode~bnodeflodenl~num .- *.

integer old~nqoode,nheat~indx,ifldy,iadz,Dumi
reel dxe,dxw,dxn,dxs~dxt .dxb~temp~templIval.yvaI,ZVl.cofld *

real tfin,tioc~rtemp ,rtempi .qval.rho~capa,hval

iIj

vrite(l *10) nuu,lj,j ,,k.k,k,kI,k,k,k,k,k,k.kg
10 foruat(415,14,il ,

4
15,2x,311 ,3i5.5x~flO.0)

do 20 k *1,10

do 20 J - 1.10 9..

do 20 1 - 1.12
If(i.gt.indx) go to 200
if(j.gt.indy) go to 20
if(k.gt.indz) go to 20

Ind - noden(1.J~k)
If(Ind.eq.0) go to 20
1f(bnode(ind).eq.-3) then
itbl - I

1tb2 - I

Ltb3 -
else

po....

. . .-
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Itb2 0

.9. ~Itb2 0 I
endif
It b4 - I
itbS - I
Itb6 -I

Ix
I f(enode(ind).lt.0.and.wnode(ind).lt.0) then\
Itb4- 0
itb5 - 0
I tb6 - 0
endlf
write(I .30) ind.IcbI,itb2,itb3,itb4,itb5,ltb6,xval(I,J .k),

Iyval(jij *k),zvsl(I,J *k),ix~teupl(ind)
30 fornat(lx,14,jx.1d..515,3tJ0.2, ix,14,fiO.2) .
20 continue

return .

end
Oeor No

777.
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1.Q
C FOR THERMAL SOLUTION. SEQUENCE OF PROGRAMS

REQUIRED

c I SEQUENCE HAS BEEN GIVEN ONLY FOR THE X AXIS. ,. .-p '

c ALL OTHER AXIS ARE THE SAME.

ON OTHER AXIS,

c CHANGES REQUIRED WILL BE IN DISCRETIZATION

c AND IN NODAL COtINNECTIVITIES I.."..*
c THIS SEQUENCE WILL SOLVE

c THE HEAT TRANSFER PROBLEM
C

INPUT IS
C

C A SET OF MEASURED TEMPERATURE VALUES AND

c ASSOCIATED NODAL NUMBERS

C A SCALING FACTOR IS USED THROUGHOUT THE WHOLE S

c SEQUENCE OF THIS PROGRAM, THE SCALE IS 0.1 ..-.

c THE SEQUENCE OF PROGRAMS THAT NEED TO BE EXECUTED

c TO OBTAIN THE THERMAL PROFILE OF ANY AXIS ARE AS FOLLOWS I

({DISCLAIMER:: ALL PROGRAMS WORK AS THEY HAVE BEEN SET UP,

c CHANGE OF CONSTANTS AND VARIABLES MAY CAUSE THEM TO BECOME
- C-.

UNRELIABLE) )

C ,-... .. ".

c DISCRETIZE
c STRUCTURE 0

C *%. -*. '

c OBTAIN ELEMENT
CONNECTIVITIES
FOR FEN

~~~..--,- , .

c SOLVE THE FEM
c ~~MATRIX ,. ,

C -

-. ,

~~~. -.. . . ... .-.. .. -..- -. .--.... .. .-..- , .. -. -, ,,* ; -*
• -.. ....- . %*, .-. .,...-.....-.... . . ..: :.: : . **., . '... ::. . .. . : .. . .

Ir.''.''.''. .'..:' ,,- % .'." .'J'L ' .,- ." "J -- -. 'J . . " . . .. .
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C c C

c C PROGRAM FOR DISCRETL7ATION c

c c OF X AXIS OF THE c

c c MACHINE c

C

C

c :THIS PROGRAM EXECUTES ON A VAX PDP-J1/40*

c * To execute this program .-

AfeCaot a engnrtdte NO INPUT REQUIRED)

c To execute type In f77. "program name":

a Afe &ot a engnrtdte

c -&".out > filename", will produce the

Cc output files of the structure

* -c :............. .............. :~....

REE TOCHNG THE NUMBER OF NODESINEC

c WHEN nptx~npty.nptz ARE CHANGED,
C CHANGE THE VALUE IN LINE 0 146

real u,Y,Z,xplI ,xpl2,xdrl~xdr2.xdr3,const,
I ydrl,ydr2,adrl,zdr2,elxl,elyl,eIl gdca,xvsl(20)

iteger nptx,nipty~nptz.nxrl.nxr2,nzr3,nyrl~nyrl~nzrllnzr2,nzr3.
I i.elnu.,ndnum~cordl *cord2,cord3,v
I cord1 .

common /base2/ x~y,z,xpII~zpl2,xdri,xdr2,
I xdr3,ydrl~ydr2,zdrl,zdr2,zdr3,nptz,npty~nptznxrl*.nxr2,nxr3,nyrl ,

I nyr2,nyr3,nzrl,nzr2.nzr3,elxI,elyl,elzI
common /baael/ cordl(300),cord2(300),cord3(300),cord4(300),

I gdcs(300,7)- -

common /bae1/elnum, ndnua
con t - 0.1 . --

c x.Y~z are the distances In directions x.Y.z
z - 172.0*const
y - 60.0*const
Z - 50.0*const

c of points In x,y~z -
nptx . 12 '

npty - 4

n pts . 4
c loct0 no internal plate* on x axis

x10(I 0 .*const
xval(2) 2 4.*const

2.'

%. %J~
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xval(3) - 26.*const
xval(4) - 38.*conat
xval(5) - 53. *cons t
xval(6) - 68.*coast
xvaI(7) - 86.*canht
xval(8) - 104.*const
xval(9) - 119.*conat
xval(10) - Ij.,.*COhtt
xval(ii) - l6.*conat
zval(12) ft 158.*const
xval(13) - 172.*Coast

c determine* number of divisions on axis
c does not work In x axis as division has
C been set up above

nyrl - Lnt( (30.Oaconst/y )*npty)
nyr2 - apty - nyrl
nzri int((z-25.O*const)/z * nptz)
nzr2 - uptz - nzrl
ydrl , (3O.O*const)/nyrl
ydr2 - (y-3O.0*const)/nyr2
zdrl - 25.O*const/nzrl
zdr2 - (z-25.O*const)/nzr2
nxrl - 13
vrite(6,*) nxri I

do 102 1 - 1,13

102 continue
c Input to the nodal connectivities program

write(6,*) i,7.2 x

write(6,*)ydrl,ydr2
write(6,*)zdrl ,zdr2

write(6,*)nxrl,nxr2,nxr3
vrite(6,*)oyrl ,nyr2%A
vrite(6.5 )nzrl,nzr2
print5 , 307'

c NUMBER OF NODES
elnum - I
ndnum - I
elx1 - 0.
ely! 0.
elzl 0.
ndnuu I

c the discretization Is done on a plane by plane
c basis.

call planexy(l.xval)
do 105 1 - 1,13
If(1-eq.5.or.I.eq.7) go to 105.%
elx1 - xval(i). \,.

elyl - 0.0 .~
0121.% - \r

call Planeyz(xval) ..IY.
105 continue

0ixI - xval(2)
ely! , 0.0
elzi - adrl

V. %

1%.
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call planexz(xval)
.ini - xval(2)

eizi - zdrl

call planezz(xval)
e.ii 0.0
elyl 0.0

call planexy(2,xval)

I~ 0ly 300conat
.1:1 . 2;.0*const
write(6, *)ndnum-1
stop
end

c

subroutine planoxy(Ind. xval)
real x~y,z~xplI .xpl2,xdrl,xdr2,xdr3.

I ydrl~ydr2,zdrl,zdr2,elxl,elyl,elzl,gdcs,xval(20) -

Integer aptx,npty,nptz Uxrl nxr2.nncr3.nyrl nyr2,nzrl ,nzr2,ntr3,
I I,J .elnuu.ndnuu~cordl~cord2,cord3, r ',~

I cord'.
common /basa2/ x~y,z,xpll,xpl2,xdri ,xdr2,

I xdr3,ydrl~ydr2,zdrl,zdr2,zdr3,nptx~nptynptz,nxrl,nxr2nr
3
,lyrI

I nyr2,nyr3,azrl ,nzr2,nzr3.elxl ,elyl ,elzI
common /baael/ cordl(300),cord2(300),cord3(300).cord4(300),

common /basAa/elnua. ndnum%

c The first plane xy; Z - 0
mndi - npty+l

inZ-nptxl %

do 40 j - lot, indi
do 50 1 - lat, ind2
gdcs(ndnuia,l) - xvai(i)
gdco(ndnum,2) - elyl
gdcs(ndnum,3) - eini
if(ind.eq.1) then
gdca(ndnum,4) -I

aelse
gdcs(ndnum,4) -2

end if
write(6,*)gdcs(ndnum.1).gdca(ndnua,2),gdcs(ndnum,3),

I Inc(gdcs(ndnum.4))
ndnum - ndnum + I

50 continue
if(J.le.nyrl) elyl - elyl + ydrl
if(j.gt.nyrl) elyl - elyl + ydr2
if(elyi.gt.y+I) elyl -0.0

40 continua
return
end

C
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c The second plan* ya; X- 0

subroutint planeyz(xval)i real z~y,t~xpl) ,xpl2.xdr) .xdr2,xdr3,
I Ydrlydr2.adr),adr2,elx),ely),elsIgdcs~xvakl(2O)

I nteger opts,napty opts oxf I nxr2,nxr3,nyrl ayr2,nzr) Inzr2,nzr3,
I i,J.elnum,ndn,cordl.cord2,cord3,
1 cor4

common /base2I x,y,s,zpll,xpl2,zdrl,zdr2,%
I ad 03.yd r I.yd r2, adrI, ad r2, ad 03,apcx' npty anptz .nxrI ,n xr2 ,n xr3 ,ny r.
I nyr2,nyr3.nzrl,our2.nur3,el.) ely) ,ela)jr

common /bagel/ cordl(300),cord2(300).cord3(300).cord4(300),
I gdcs(300,7) %.g. a

Ncommon /baeed'elnurn,ndnum .-s
do 60 j - 1, nptz-1 -4 %?
do 70 1 - 1. npty4)
gdca(ndon,l) - elxl
gdco(ndnua,2) - elyl %
gdco(adnam.3) - .1:)
gdco(ndnum,4) - 2

I .or.abo(elyl).It.O.I.or.abs(*Ilrn).It.0.1) then

elso
gdcrn(ndnum,5) - 0 , ~

- dcs(ndnum.6) - I
gdcs(ndnum,7) - IIIf(i.le.nyr)) elyl - ely) + ydr)
if(i.gt.nyrl) ely) - elyl + ydr2 v.
write(6,5 )gdcs(ndnum.I) ,gde(ndnum, 2) ,gdcu(ndnum, 3) . nt(gdce( adnum. % 1.
udnum - ndnum + I

70 continue %6
ely) -0.0
If(J.le.nzrl) elzl - elzi + zdri
if(j.gt.nzrl) elsl - elzl + zdr2
If(els).gt.2+)) ela) - 0.0
if(i .ge.nptz.and.j .ge.npty) return

60 continue
return*.
end ,.~

c This Is the third plane xa;Y -b plane
subroutine planexu(zval)
real x..3CPll.xpl2,zdrl .zdr2,xdr3,

I ydrl ,ydr2,zdrl zdr2,elzl ,elyl .elzl Sgdcs,xval(20)
Integer nptx,npty,nptz,nxrl ,nzr2,nxr3.nyrl,nyr2,nzr) ,nzr2,ngr3,

I I.J.elnum.ndnum.cordl,cord2,cord3,
I cord4

common /base2/ x~y~z,xpll ,xpl2,xdrl,xdr2,
I ad r3 .yd r Iyd r2, d rl, d r2,zd r3 ,n pt x. n pty.up t z ,nxr I, nxr 2 ,nxr3 , ayr
I nyr2,nyr3,nzrl,nsr2,nzr3,elxI~ely),elsI

common /basal/ cordl(300),cord2(300),cord3(300),cord4(300),
I gdce(300,7)

common /bsse4/elnue,odnum
do 80 j - 1. nptz-1
do 90 1 - 1.2 "'. Z

If(1.eq.l) then

% %.
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elul - xval(S)

*l~ -XV8l(7

a dco(ndnum,1) - elxl
gdcs(ndnua.2) - elyl
gdcs(nduas3) - elzl
gdcs(ndaus.4) - 2
g de(adnum, 5) - I
gdco(odaus.7) - I
i f(abs(e lxi-x) .lt..*I .or.abs(elzlI-z ) *It .0 1.or
*.bs(elxl).It.O..or.abo(olzi ).lt.0.1) then

a dco(ndnum.6) - I
else
gdca(adnum,6) - 0
endif
write(6.*)gdcs(udnum,l)*gdca(Adnu,2).gdcS(ldaus.3)1nt(gdcC(dlu.

4
))

ndnuu - dnum + I
eixi -XV2ali)

if(elxl .gt.z+1) elxl - 0.0
90 continue

±fCj.le.nsrl) @lzi - elzl + zdrl
lf(j.gt.nsrl) *lzl - .1:1 + zdr2
if(elz1.gt.e41) eizi - 0.0 ~ ~
if(i.gt.nxrlnxr2.nxr3.aad.j.gt.zr+02r2) return

80 continue
return
end .*

.- v

r2 Oi
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c *TO BUILD NODAL CONNECTIVITIES

c US THIS PROGRAM
c * IISPUT IS OUTPUT OF LAST*

c * PROGRA

real x~y,s.xpll,zpl2,xdrl~xdr2,xdr3, ,

I ydrl.ydr2,adrl,adr2,elzl,elyl~elai,gdca,xval(20)
Integer nptx,npty,npc:,axrl,nxr2,nxr3,ayri,nyr2.nzrI~azr2,nzr3,

I i~elsum,adnum~cordl .cord2.cord3.
I cord4,bc

common Ibaa.21 x.y,z,ipll .xpl2.zdrl,xdr2,
I xdr3,ydrl,ydr2.zdrl.zdr2,zdr3,nptx,npty,nptz~nxrI,nxr2,nxr3.nyri.
I nyr2,nyr3.nzrl,azr2,nxr3,elxl,elyl ,elzI %

common /baaal/ cordj(1000),cord2(1OOO),cord3(1000),cord4(1000), -. 'J
I gdca(1000.3),bc(1000.2)

common /base4/elnum~ndous
6 c The program Is designed to build elements form date
L c of 8eaz.fL read(5,*) ndnum

do 19 1 -1,ndnua
read(S.*) zval(I)

19 continue
read (5,*) ayg
read(S,*) ydrl~ydr2
read(S,*) adrl~zdr2
read(5,*) .ptz~npty,optz -1Iread(5,*) nxrl,nxr2.nzr3
read(5.*) nyri,nyr2 %.
read(5,*) narl nzr2 k
read(5,*) adnum
do 10 1 - 1.ndnum

10 continue

1 cal *bld(xval)
vrite(6,*) ndnum
do 30 1 - 1,adnum

r. print *.I~sdcs(i,l),gdce(1.2).gdes(i,3),bc(i,I )
30 continua

vrire(6,*) *laum-1
do 20 £ - 19elnum-1
vrite(6.*)i, cordI(i),cord2(i),cord3(i),cord6(i) ~N

20 continue
7 stop

and

subroutine elbld(xval)
real x,y,z,xplI ,xpl2,zdrl,xdr2,xdr3.

I Ydrl~ydr2,adrl~zdr2,eIl,elyI eli! *gdcs,xwal(20)
integer nptx,npty,nptz,nxrl .nur2,nxr3,nyrl~nyr2.nzrllnzr2,nzr3. 0

I i,elnum.ndnum~cordl ,cord2,cord3, . .'.-

cord'.,bc%

.- :.-*..-.*y..* ..... ..... 2-..& . .:- . -. . . ........ .. .
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common~~~~~~~* /bs2 ~,,pl~p2xr~d2

common /base4/eln, ndnupl axldld2

c This does the element:finding rautioe,associstos
celements with nodes.

ecl - 0.0
elyi - 0.0
eizl - 0.0%
Call olxyp(xval) \=

do 105 1 - 1.13
if(i.eq.5.or.i.eq.7) go to 105
ai1XI - xval(i)

elyi - .

*1z1 -0.

call elxzp(xvla)

elXI- 0.0 I
ely! 0.0
e1l 0.0
call elxyp(xval)

scaoll n elxyp( xval)

e cI d'Iz
commo /bae2 xyypxllxpZvdrlxr2

xraldr x,ydr2pl.dri ,xdrl,xdr,npxr,tnpznr nrnr yr
I yrl,nyr2,nr ,zr2,ngr3,elyI~elyilz Isxal2

com mo~e n um/bas ucl/ dl,cI000) cord 3( 00,o d C OO ) c r 4 I 0 )

VI gdcs( 1000.3),bc(1000. 2)
common /bsse4/elnum. ndnuum
real elx2,*ely2 .elzZ ,elx3,*ely

3 
.elz3 , lx4.,elyA ,elz40

Integer It* ~
do 20 j - I , npty
if(J.1e.nyrl) ely3 - elyl + ydrl .-

if(j.gt.nyrl) ely3 - elyl + ydr2
do 10 1 - I , nptx

C If(.le.nxrl) elx2 - 1xkqzr
c if(i.gt.nxr.and..le.nxr2+nxri) elx2 e cxi + xdr2

Sc if(i.gt.nxr2+nxrl) elx2 e lxi + xdr3

I%.

% % %;0

e LIZ .p
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elx2 - ,val(i+1)

* *~1:3 - lx2 )- 4
el 4 e lxi

e lz3 -elzl
elz4 *elzI

ely2 -elyl '"ely4 ely3%
do 101 11 - 1,ndnum
if(abs(gdcs(ii,1 )-elxl ).lt.0. 1) then
if(abs(gdcs(iI,2)-ely1) .lt.0.1) then
I f(sbs(gdcs(ii,3)-elz ) .lt.0. 1) thenr
cordl(elnum) - i
endif
endifA
endif
if(abe(gdcs(ii,1 )-e1x2).lt.O.1) then "I
if(abs(gdcs(ii ,2)-ely2).lt.0. 1) thn *.* *

if(abs(gdcs(1I,3)-elz2) .lt.0.1) than
cord2(olnum) -i
endif
endif P

endif 5
if(sbs(gdcs(ii,1 )-elx3).lt.O.1) then
if(abs(gdcs(1I2)-ely3) .lt.0.1) then

if(abe(gdcs(Ii,3)-elz3) .lt.0.1) then

cord3(olnum) -i I
endif

if(abs(gdcs(ii,1)-elx4) .lt.0.1) then
if(abs(gdcs(ii,2)-ely4).lc.O.1) then

if(abz(gdcs(ii,3)-elz4).lt.0.1 ) then
cord4(elnus) -i
endif 'e.

endif *

%101 con tinue
elnue elaum + I

elyl - ely3
elxl - 0.0 *

20 continue

return

c

subroutine elzzp( ival)
real x~y.z.xpll.xpl2,xdrl,zdr2.xdr3.

Iydrl ,ydr2,zdrI ,gdr2,elxl ,elyI ,elzI ,gdcs,xval(20)
Integer nptz.npty,nptz,nxrI ,nxr2.nxr3.nyrl,nyr2,nzrl .nzr2,nzr3,

I .J,elniru,ndnuu,cordl,cord2,cord3.
I cord4,bc %

%
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*JAL,

common~~~~ -bs2 xLVXxllxl2xdl.d2

I. xdr drIy 2'd dr dr p ,nt tznrlnr x3,n

I ny2,ny3,nrl~nr2,zr3,lxlelylelz

c~' omo bsl orl 37)cr2(00,od(00)cr410
I gds10,)ba002

real elx2,ely2,elz2,elx3,ely3 ,eiz3 ,elx4 ,ely4.,elz 4
integer 11
do 20 j - l,nptz
if(J.le.nzrl) e1:3 - e1:11 + dri
if(j.gt.nzrl) elz3 - e1:1 + zdr2
do 10 1 - l,nptx

C ff(i.le.nxrI) e1x
2 

- elxi - xdrlP C if(i.gt.nxrI .and.1 .le.rixr2+nxrl) elx2 -elxl + xdr2
c if(i.gt.nxr2+nxirI) elx2- elxI + xdr3

elx2 -xval(i+1)

elx3 -elx2

elx4 elx1:
ely2 -elyl
ely3 -ely I
ely4 -elyl

1:z2 : 1: 1
1lz4 - el3

do 101 1i1- ,ndnu: hm

if(abs(gdcs(ii,2)-elyI ).lt.0.1) then
If(abv(gdca(II,3)-elzIJ I..)ta
cordl~elnum) - ii
endif

end if
endif
if(abs(gdcs(II, I)-elx2).lt.O.1) than
if(abs(gdcs(ii,2)-ely2) .lt.O.1) then
if(abs(gdc.(ii ,3)-elz2) .lt.0.1) then
cord2(elnum) I i
endif
endif
e ndif

P If(abs(gdcs(1f,I)-e~x3).Ir.0.2 ) then
If(s(gdcs(ii,2)-ely3) .lt.O. 1) then
if(ab@(gdcs(ii.3)-elz3) .lt.0.1) then.
cord3(elnum) - 1i
e ndi f
end ff
end if
If(abs(gdc9(ii.1 )-elx4).lt.0.1) then
i f(abs(gdcs(Ii, 2

)-ely
4
) .lt.0.1 ) then

if(abs(gdcs(ii,3)-elz4).lt.0. I) then
cord4(elnun) -ii
endif
endif
end if

101 continue % V

%%

e I nm elnm +*
W



338

10 cniu
.1:1 - .10 3
elxj - 0.0

20 continue
return
end

C

subroutine elyzp(xval)
real x.,z,xpll ,xpl2,xdrl,xdr2,xdr3,

Iyd rl, yd r2 .zd r I,zdr2,ealx1 , aly I ,*z I 1 gdcs xval(20)
Integer nptx,npty,nptx.nxrl,axr2,nxr3,nyrl,nyr2.azri ,nzr2,nzr3,

Ii,j,elnum~ndnum.cordl,cord2.cord3,
Icord4,bc
common /base2/ x~y,z,zpll,xpl2.zdrl,xdr2. *'

Ixdr3,ydrl~ydr2,zdrl.zdr2,zdr3.nptx,npty.nptz,nxrl,nxr2,nxr3,nyrlI, -

Inyr2,nyr3,nzrl,nzr2.nzr3,elxI~elyl~elzI
common /basel/ cordl(1000).cord2(1000),cord3(1000).cord.(1000),

Igdcs( 1000,3),bc(1000,2) .
common fbase4elnum. odnum ..

real elx2.ely2,elz2.elz3,ely3,.1z3 .elx4,ely4,elz4
Integer 11
do 10 j - 1,nptz
if(J.le.nzrl) e1:3 - elzl + zdrl
if(j.ge.nzrl) .1:3 - elzl + zdr2 .

do 20 1 - I,npty
lf(i.1*.ayri) ely2 * elyI..ydr]
it(i.gt.nyrl) ely2 - elyl+ydr2
ely3 - ely2 %

ely4 - elyl
e1:2 - *lzl
elx3 - elxl
elx4 - elxl
.1:2 - .1:1
e1:4 - elz3
do 101 1i - I,ndnuu
If(sbs(gdcs(iI,1)-elxI ).lt.0.I ) then
if(abs(gdc(ii,2)-elyI).lt.0.1 ) then
If(aba(gdcs(ii ,3)-elz1).lt.0.1) then
cordi(elouu) -i

endif
endif
endif
If(&bs(gdcs(i1,I)-elx2).lt.0.J) then______
if(abs(gdcs(Ii ,2)-ely2) .lt.0.1) then
Lf(abs(gdcs(II,3)-elz2) .lt.0.I) then
cord'.(elnum) i
endif
endif
endif ~
if(abs(Sdcs(ii,i )-*lx3).lt.0.1) then ***

If(abs(gdcs(1Ii2)-ely3).lt.0. I) then*
f(abs(gdcs(ii .3)-elz3).lt.0. I) then

cord3(elnum) -i

2.

* .- *.%



endif

-'~ 
edif

If(abs(gdcs(li I )-elx4) .1t.0. 1) then

itf(abs(gdcs(I I ,3)-elz4).lt .0.I 1 then
cord2(alnum) - 11~g~'iI
endif
end if

101 continu
*lnum *elnum + I___

20 elyl -ely2

20 continue
elz I - .1:3

*el - 0.0
10 continue

return

* cc end

%'~
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c
: c E*************

c FINAL PROGRAM FOR THERMAL'
C PROFILE *

c

c THE SOLUTION IS OBTAINED BY SOLVING THE PROBLEM
C
C AS A STEADY STATE ONE.
c

c THE IDEA IS TO SOLVE THE STEADY STATE HEAT CONDUCTION
C 0
c PROBLEM, USING MEASURED TEMPERATURES AS BOUNDARY

C CONDITIONS.
C

c THE PROBLEM IS SOLVED AS A SET OF 2 D PlATES.
c

c THIS IS A SIMPLE FORMULATION OF PEN FOR
c SOLUTION OF HEAT TRANSFER PROBLEMS
c IT HAS NO DERIVATIVE CONDITIONS
c stiffness matrix K for the given
c structure-------uat(540,540)
c The structure In question Is the X axis of the -
c TIO which is being studied.
c The input to the program is the following . •
c Nodal cordlnautes x,y,s- gdcs(1000,3), .1 '
c boundary cond---- bc(1000,2)
c base is assumed to be insulated
c Nodsl connectivitles cordl,cord2,cord3,cord4

c Input thermal cond--thcond
c Input conv coeff -- convc

c NODAL CONNECTIVITIES ARE AS SHOWNc ...................... *..........
C

Cc . ,. . ,,..-

c 41 ------------ 3
c

c

C

c

S 1------------- 2

reel mac(SO0,500),gdcs(5O0,3),a,b,c,fmat(12,12) .k2uat(4,),
I bctemp(30)

integer I,J,k,cordl(500),cord2(500),cord3(500),cord4(500),
I bc(500,2).bcnode(30).nn(1O),elnum,ndnum,ntmp

real coeff,vec(500), rmtmp
coeff - 0.01

c heat transfer coeff, coeff - 0.01 cal/cm*cm min degree C
do 30 1 - 1,500
do 40 j - 1.500 v1.
met(i,j) - 0.0 ' e %
vec(I) - 0.0

40 continue k
30 contInue

% • % . ,
e~

S . ,,.,"*
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do 200 1 - 1,4
do 200 j - 1,4r
k2mat(i,j) - 1.0

200 continue
c k2mat to the matrix for integral x,y h*t(room)*nhdx*dy4

k2.at(1.1) - 1/9.0*coeff
k2mat(I,2) - 1/(18.0)*coeff
k2mat(I,3) - J/36.*coeff
I2mat(1 .4) - 1/1S.*coeff
k2.at(2, I) - 1l18.0*coeff
k2mat(2,2) - 1/9.0'coeff
k2aat(2.3) - 1/18.0*coeff
k2mat(2.4) - 1/36.0*coaff
k2mat(3,I) - 1/36.0*cooff
k2.at(3,2) - 1/18.O*coaff
k2nat(3.3) - J/9.0*cooff
12mat(3,4) - 1/18.0*coaff
k2mat(4,I) - 1/18.0*coeff
k2mat(4,2) - 1/36.0*coeff
k2mat(4.3) - 1/18.0*coeff
k2mat(4,4) - 1/9.O*coeff
read (5,*) ndnum
do 10 1 - 1,ndnum
read(5,*)J,gdca(I,1).gdca(i,2),gdcs(1,3).bc(i.1)A

10 continue
read(5,*) elnumL
do 20 1 - 1,elnum

c Data reading Is the same.
c No modification.

read(5.*) J,cordl(i).cord2(l),cord3(i) ,cord4(i)
20 continue

b -0
c read In room temp values
C ntmap Isa number of room temp values
c the average is used

read(5,*) ntmp
do 500 i - 1,ntmp
read(5,*) a
b - b+ &

500 ont inue
rmatmp . b/otmp

c ntmp is number of machine temp values
" bcnode~i),bctemp(i). refer to the node of thea

c structure and the temperature associated with that node
c Temps on the machine are set up as b.c's.

read(5.*) ntmp
do 501 1 1,ntmp
readC5,*) bcnode(i),bctemp(i)

501 continue
do 50 i - 1,elnum

a-0.0
b 0 0
c -0.0
nn(1) - cordl(i)
nn(2) - co r d2 ( I
nn(3) - cord3(I)

%

e..A
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nn(4) -cord4(i)

a -&be( gdcs(nn(3),3)-gdcs(nn(1).3))
b -abs( gdca(nn(3) .2)-8dca(n() .2))
c -abs( gdcs(nn(3),3)-8dcs(nn(1).3))-.
do 80 j - 1,4
do 90 k - 1,4-

C Initialize local stiffness matrix
90 fmat(j~k) - 0.0
90 continue

80 continue
c Call for local stiffness matrix

call funuma ,b~c ,fuat)
do 201 j - 1,4 , .
do 201 k - 1,4

c c boundary condition ,intro t.
c hare only the convection boundary condition Is Introduced,
c h -2*h on all plates k
c on the base where it Is ha
c No change in temperature through the wall thickness 112V1607

If(bc(i,3).eq.1) then %%
k2uat(j,k) - k2mat(j,k)*a'b
andif n.*v'

if(bc(I,1).eq.2) then
k2mt(j,k) *2.Oak2mt(j,k)*a*b
endif

201 continue
c act up the the of the siattix equation

do 502 j - 1,4 1.
if(bc(nn(j), 1).eq.1) then p"
vec(nn(j)) -vec(nn(j ))+rutup*coeff*a*b/4.0
endif '%4~

if(bc(nn(j). 1).eq.2) then ,..* %
vec(nn(j)) -vec(nn(j ))+2*rutupecoeff*a*b/4.0
andif

502 continue
do 60 j - 1.4
do 70 k - 1,4

c build up the global stiffness matrix %.
uat(nn(j),nn(k)) - at(nn(j),nn(k))+fmat(j,k)*k2mat(j~k)

70 continue
60 continue

do 202 j - 1,4
do 203 k - 1,4
Ic2mat(I,1) - 1/9.O*coeff
k2mat(3,2) - 1/(18.0)4coeff .~

k2emt(1,3) - 1/36.*coeff ~ .*.

k2eat(1,4) - 1/18.'coaff
k2ust(2.1) - 1/18.Oecoeff .*.*

k2uat(2,2) - 1/9.0'coaff
k2mat(2,3) - 1/Z8.O*coaff
k2mat(2,4) - 1/36.0*coaff
k2matC3.1) - 1/36.00coeff0
k2mat(3,2) - Z/18.0'coeff
k 2 asc( 3 ,3) - 1/9.Oecoeff 'V*. ..
k2aat(3,4) - 1/18.0*coeff
k2mat(4.1) - 1/18.0*coaff

*% %
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k2mot(4,2) -1/36.0*coeff

k2mat(4.4) - 1/9.O*coeff '
c reset k2mot to original value.
203 continue
202 continue
s0 continue

cStin the boundary conditions e
c of mseasured room temp. and reset the rho vector.0-

do 705 L - l,ntup
do 710 j - 1,ndouu
vec~i) - vec(j) -mat(j,bcnode(I))*bctemp(i)

710 continue
vec(bcnods(i)) - bcte.p(I)
do 707 j - I,ndnuu
mat(J.bcnode(i)) - 0.0

707 continue
do 708 j - ,ndnuz
.at(bcnods(l),J) - 0.0

708 continue
mat(bcnode(I),bcnode(i)) -1.0

705 continue
c solve jA](x)-{bI

call solve( mat ,vec,ndnum)
a top
end ~%.'

c

c

c

subroutine funwasb~c~fmat)
real a~b,c~fmat(12.12)
real thco,thic

integer i~j k'
thco - 8.912*(1/0.1)*(1/.1) -- .

thic - (3./4.)*(S./2.)
c thco, thermal conductivIty 8.912 cal/cm min degree C . '

C thco, has been reset to account for scale.
c TWO TYPES OF PLATES
c OUTER WALLS AND INNNER RIBS

do 10 1 - 1,10
do 20 j - 1,10
fmat(i,j) - 0.0

20 continue r J
10 continue

If(a.1t.0.5) then

endifc
if(b.lt.0.5) then
b -c
endif
fmst(1,I) - (b*b+aaa)/(3ab)
fmat(2,1) - (a~a-2*b~b)/(6*a~b)..

.~~~~~~ 
he,-.. .. .... '. - *
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fe.t4.; - 3442**)(6ab

feat(~4, 1.. 2)- ma( I

f a&t(3,1 . - (b*b2a*a)/(6*a*b)
fmat(4,2) - -(b*b~2a*a)/(6*a*b)%
foat(I.3) - fat(3,1)
f ma t( 232) - faa(3 b 2*s )/6ab
fmat(3.2) - feat(l,1) 4',,.~
f mat(4,2) 3 - (ba*ab)/(6**b)

f mat(2 , ) - fusc(3,2)
f£mat(3 , 4 - foat(4,3)

fmat(4.4) - feat( I,) I

do 200 1 - 1,4
do 100 j - 1,4
fmat(1,j) fotat(1.j)*thic*thco

100 continue
return %
end

c The subroutine does matrix equation solution
c Matrix eq is of the form IAJjx)-(b).
c determine x,gIven A,b
c Croats alga is used.
c 1-u dec03 Is done then the solution is performed

subroutine solve(a ,b,a)
real a(500,500),b(500) ,la(500,500),ua(500,500),ci ,d(500)
real chk(500),chkl(500)
integer n,m,i~j,k
do 109 1 - 1n
chki(i) -b(i)

109 continue .

la(1,1) -1.0 y
do 10 j -2,n .

ua(1,J) - a(1J) ,>j..
if(J.gt.2) then'r
do 20 1 - 2,J-1%
cl - 0.00
do 30 m - 1,i1i
ci - ci + la(j,m)*ua(m~i)

30 continue

ci - 0.0
do 40 a 1,1-1
ci - ci + la(i~m)Cua(m~j)

40 continue
ua(i,j) -a(i,j)-ci

20 continue
endif .
la(J.J) -I .
c I - 0.0
do 50 m - iJ-1
ci " ci + la(J,m)*ua(m~j)

50 continue

%

% %*% e~
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ua(j.j) * (J.J)-cl
10 continue .

do 999 1 - 1.30
do 999 j - 1,30
I f( Ia ( I, j).ne.0) then '-

endlf ~f,
999 continue

do 998 i1 1,30
do 998 j -1,30

99 if( us( I.i)..ne.0) then

cl 0.0

d(l) - b(1)
do 100 1 - 2,n

do 101 j - I,k
cl - cl + la(i,J)*d(J) .

101 continue
d(i) -b(i)-cl rA
k k +1IL

100 continue
do 102 1 -I~n

b(i) -0.0 ~
102 continue

bjo)o d(n)/ua(n,n)

do 104 j - i+1,n

ci - ci +u(,J)'b(j)
104 continue

* 103 Ni) -(d(i)-cl)/us(i,i) -- I

do 105 1 - ,I -

print*,b(i)
105 continue .\,

print*, error '
do 200 1 - 1,n
do 200 j - I,n
chk(i) -chk(i)+ a(i,j)Cb(j)

200 continue
chk(l) *chkl(i)-chk(1)

print *,chk(i),i
201 continue

return
4 end

*v
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c ccc:ccccc cccc cc c c cc cccc cccc cccc c cece
C~~~~~~~~~ CCCCCCcccccc c cc C CC CC CCCC Cccc CcC

TH;IScCONCLUDES THE HERAL OLUIO
cTHE OUTPUT IS A VECTOR OF TEMPERATURE POINTS

c EACH OF WHICH CORRESPONDS TO SPECIFIC NODAL
cPOINTS.

c FOR SAP V,
cTHE OUTPUT IS FED INTO SAP..V WITH ANOTHER PROGRAM ~4

c WHICH REFORMATS THIS OUTPUT TO CONFORM TO SAP V FORMAT.
c CONSTANTS SED ARE

c THERMAL COD. 8.91 cals/cs sla degree C
c THERMAL EXP. *11.6 micro motorluetor/ degree C
c HEAT TRANSFER A.
c COEFF. - 0.01 cal/cm *cm min degree C
c SPECIFIC HEAT - 0.125 calm/go degree C d
c DENSITY - 7.859 .9mi/ cm~ca~c
c MOD.O ElAS. - 2.1e6 kit /cu*cn

4c POISON S RATI 0.3

.%.

*.1N
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APPENDIX 5
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Project Director ",.

C. R. Liu, Professor of Industrial
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K. S. Fu, Goss Distinguished Professor
of Engineering (Elec.Eng.) ...................... Faculty Associate

J. Modrey. Professor of Mechanical
Engineering .......................................... Co-Principal Investigator

A. L. Sweet. Professor of Industrial
Engineering .......................................... Co-Principal Investigator

W. Stevenson. Professor of Mechanical
Engineering .......................................... Faculty Associate

J. J. Talavage. Professor of Industrial
Engineering .......................................... Faculty Associate aiil

R. Hannam', Visiting Associate Professor
of Industrial Engineering ........................ Faculty Associate

W. Johnson--. Visiting Professor of Industrial
Engineering .......................................... Faculty Associate

A. Shumsherrudint, Visiting Associate Professor
of Industrial Engineering ............... Faculty Associate

( *University of Manchester Institute of Science and Technology, England
-- University of Cambridge. England k

tCranfield Institute of Technology, England)
4 ---
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S.K. Lee S. Venkatramen
G.R. Liang R. Venugopal
Y.T. Lin M.C. Wu K.
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